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Abstract 


This  report  describes  a  successful  demonstration  of  the  first  optically  controlled 
phased  array  antenna  system  using  heterodyne  receiver  techniques.  Among  our 
most  notable  achievements  during  this  period  are  the  following: 

1.  Invention  of  an  optically  controlled  phased  array  antenna  using  coherent, 
heterodyne  detection  for  the  distribution  of  multiple  true  time  (TTD)  delays  to 
numerous  far  end  antenna  elements.  This  unique  system  architecture  allows  for 
hardware  compressive,  extremely  high  performance  transmission  of  delays  along 
a  single  fiber  interconnect  between  the  control  and  remote  antenna  nodes. 

2.  Full  analysis  of  the  system  employing  both  AM  and  FM,  RF  signal 
transmission.  We  find  that  the  system-  scales  easily  to  accomodate  large 
dimension  antennas. 

3.  Demonstration  of  the  first  TTD  antenna  using  heterodyne  detection  methods. 
The  antenna  operated  across  the  L*band  with  SNR  >  50  dB,  dynamic  range  of 
>50dB  and  a  signal  spacing  of  only  1 1  GHz.  Furthermore,  the  system  was  quite 
simple  to  implement. 

4.  Determination  of  a  fundamental  noise  limitation  for  analog  coherent  links: 
phase-to-intensity  noise  distortion.  A  full  analysis  of  this  noise  process  led  to 
optimization  of  the  link  performance  over  the  widest  range  of  signal  intensities. 

5.  Demonstration  of  a  laser/modulator  integration  technology  which  allows  for 
rapid  miniturization  of  the  components  used  in  the  phased  array  antenna. 

Many  of  the  accomplishments  of  this  program  are  included  in  the  thesis  of  Dr. 
Ligeng  Xu.  Attached  are  the  relevant  portions  of  that  thesis,  along  with  in-depth 
descriptions  of  other  results  obtained  under  this  program. 
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We  summarize  our  results  by  noting  that  the  coherent  distribution  network  is 
apparently  unique  in  its  ability  to  distribute  a  high  density  of  very  high  SNR  and 
DR  signals  to  a  dense  array  of  antenna  elements  over  a  single  fiber  link.  In 
effect,  our  system,  which  was  surprisingly  simple  to  implement  using  off-the-shelf 
components,  may  represent  today  the  only  viable  technology  for  generating  TTD 
optically  controlled  phased  arrays  which  meet  all  of  the  critical  performance 
requirements  of  these  demanding  systems. 
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We  analyze  an  optically  controlled  microwave  phased  array  antenna  system 
whereby  beam  forming  is  accomplished  with  a  large  number  of  antenna  elements  that  can 
receive  any  of  several  different  true-time-delays  from  a  single  fiber  using  multi-channel 
optical  heterodyne  techniques.  The  system  performance  such  as  the  signal-to-noise  ratio, 
signal-to-interchannel  interference  ratio,  and  dynamic  range  (DR)  for  various  modulation- 
demodulation  schemes  (i.e.,  AM,  FM  and  PM)  are  quantitatively  analyzed.  An 
experimental  system  insensitive  to  laser  linewidth  and  IF  frequency  instabilities  is 
demonstrated  for  the  first  time.  We  demonstrate  accurate  true-time  delay  across  the  L 
band  (from  0.8  to  1.5  GHz).  The  DR  for  one  channel  is  52  dB/MHz.  For  a  narrow 
channel  spacing  of  1  A  at  1.55  pm  wavelength,  the  interchannel  interference  is  <  -50dB. 
It  is  found  that  this  system  provides  improved  controllability  over  direct  detection 
methods,  and  can  meet  the  stringent  requirements  of  modem  high  resolution  microwave 
antenna  systems. 

Monolithic  photonic  integration  using  vertical  twin- waveguide  (TG)  stmcture 
based  on  a  single-step  MBE  grown  InP/InGaAsP  material  is  also  studied  as  a  means  for 
practically  implementing  large  scale  photonic  systems  such  as  the  above  system. 
Specifically,  integration  of  a  MQW  laser  with  a  passive  waveguide  is  demonstrated  in 
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this  material  with  a  record  high  45%  light  coupling.  An  InGaAs  loss  layer  is  introduced 
for  the  first  time  to  ensure  a  constant  laser  feedback  and  output  coupling  by  eliminating 
even  mode  propagation,  while  having  little  effect  on  the  odd  mode. 

Finally,  we  have  investigated  means  to  obtain  high  efficiency,  high  power 
semiconductor  lasers  for  use  in  high  DR,  and  high  density  RF-optical  links,  employing  a 
1.5  pm  wavelength  InGaAsP/InP  separate  confinement  multi-quantum  well  structure  with 
broadened  waveguides.  A  record  low  internal  loss  of  1.3  cm"'  (compared  to  a  previous 
value  of  3.5  cm'*)  and  threshold  current  density  of  73  A/cm^  per  well  have  been  obtained. 
Also,  record  high  CW  output  powers  of  4.6  W  have  been  demonstrated  for  lasers  with  a 
200  pm  wide  aperture. 
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Chapter  1  Introduction 


Advances  of  photonic  technologies  have  brought  profound  changes  to  our  daily  lives. 
For  example,  fiber  optics  makes  the  high  speed,  high  capacity  information  super¬ 
highway  a  reality;  CD-ROMs  provide  impeccably  clear  picture  and  sound  for  our 
enjoyment.  Nevertheless,  these  might  represent  just  the  start  of  exploring  the  great 
potential  of  photonic  systems.  There  are  numerous  other  areas  where  photonic  systems 
can  be  used  to  great  advantages,  such  as  fiber-to-the-home,  remote  sensing  and  control, 
and  very  fast  computer  chip-to-chip  interconnects.  Indeed,  photonic  technologies 
themselves  still  have  great  potential  for  improvement.  Better  discrete  devices  are  needed 
for  high  power,  high  modulation  speed,  narrow  linewidth  lasers,  high  bandwidth,  high 
dynamic  range  receivers,  etc.  Also,  we  need  integration  of  photonic  devices  to  reduce 
size  and  cost,  and  to  achieve  high  reliability. 

In  this  dissertation,  both  system  and  device-level  work  are  described.  The  first  part 
presents  a  novel  use  of  a  fiber  optic  heterodyne  system  in  microwave  phased  array 
antennas,  where  a  thorough  system  analysis  has  been  carried  out,  and  a  proof-of-concept 
experiment  has  been  demonstrated.  This  system  has  numerous  applications  not  only  for 
antenna  remoting,  but  also  for  broad  band  analog  distribution  networks  such  as  CATV, 
optical  wireless  systems  and  radar  (both  military  and  commercial).  Note  however,  that  its 
practical  implementation  requires  a  substantial  increase  in  the  scale  of  integration  of  the 
photonic  devices  (e.g.  laser  transmitters  and  optical  receivers)  used  in  this  and  other, 
similar,  broad  band  systems.  Hence,  in  the  second  part  of  this  work,  we  describe  a  novel 
approach  to  achieving  high  density  photonic  integrated  circuits  (PICs)  via  a  versatile, 
“platform”  integration  technology.  Such  a  technology,  if  successful,  should  be  as 
versatile  as  Si  IC  technology  in  that  a  wide  range  of  PICs  can  be  realized  in  a  single  wafer 
structure  without  regard  to  the  specific  circuit  layout  or  device  combination  employed  for 
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a  particular  application.  Specifically,  we  describe  an  archetype  integrated  device-a 
laser/passive-waveguide  Y-coupler,  which  is  a  key  element  in  photonic  integration,  using 
a  vertical  twin-waveguide  (TG)  structure.  It  is  the  first  time  that  this  type  of  integration 
scheme  is  demonstrated  in  the  InGaAsP/InP  material  system.  Here,  for  the  first  time,  the 
TG  structure  employs  a  unique  “loss”  layer  structure  which  affords  improved  device 
performance  by  optical  mode  control.  Next,  we  demonstrate  that  an  improvement  in  the 
design  of  multiple  quantum  well  (MQW)  lasers  can  lead  to  record,  low  internal  loss  and 
low  threshold  current  density,  extremely  high  CW  power  structures. 

In  this  Chapter,  Section  1  introduces  our  work  in  using  optical  heterodyne 
techniques  for  the  control  of  a  microwave  phased  array  antenna  system,  while  Section  2 
gives  an  overview  of  device  work  on  low  loss  lasers,  and  laser/waveguide  integration. 

1.1  Operation  of  Optically  Controlled  Phased  Array  Antennas 

Electronically  steered  microwave  phased  array  antenna  systems  are  widely  used  today  in 
military,  area  surveillance  and  communications.  Such  systems  consist  of  an  array  (in  one 
or  two  dimensions)  of  antenna  elements.  The  radiation  direction  and  pattern  are 
determined  by  the  relative  phase  and  amplitude  of  radiation  from  each  element.  The 
major  advantage  of  such  a  system  is  that  it  can  electronically  steer  the  beam  direction 
with  high  speed  without  physically  moving  the  antenna.  Other  advantages  include  high 
resolution  and  the  simultaneous  formation  of  multiple  beams[l-3].  There  are  basically 
two  methods  of  introducing  delays:  via  phase,  or  true-time  delay.  True-time  delay 
systems  are  free  from  “beam  squint”  (i.e.  the  beam  position  is  independent  of  microwave 
emission  frequency),  and  hence  has  the  desired  large  instantaneous  bandwidth.  We 
explain  the  operation  principle  of  microwave  phased  array  and  true-time  delay  in  more 
detail  in  the  Appendix  1  of  this  dissertation. 
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Phased  array  antenna  systems  provide  great  flexibility  for  radar  beam  formation, 
steering  and  detection.  Recently,  much  effort  has  been  devoted  to  introducing  the  phase 
delay  and  transmitting  microwave  signals  via  optical  means  [4-13].  This  effort  has  been 
motivated  by  the  obvious  advantages  of  fiber  optic  systems.  For  example,  since  the 
microwave  signals  are  modulated  on  optical  carriers  which  are  transmitted  through  silica 
fibers,  the  system  is  immune  to  electromagnetic  interference.  In  addition,  by  using  fibers 
instead  of  metal  waveguides  or  coaxial  cables,  and  optical  devices  instead  of  bulky 
microwave  phase  delay  devices,  such  systems  can  be  light-weight  and  compact  and  hence 
have  potential  usefulness  on  aircraft  and  satellite  platforms. 

The  basic  ideas  of  using  optics  to  introduce  delays  and  transmit  microwave  signals 
are  shown  schematically  in  Figure  1.1  (a)  and  (b).  The  first  approach  is  that  of  true-time- 
delay,  shown  in  Fig.  1.1(a)  [4,  10-13].  Here,  the  microwave  signals  are  first  modulated 
on  optical  carriers,  which  are  then  transmitted  to  the  antenna  elements  through  different 
optic  path  length  (in  fiber  or  free  space).  The  optical  signals  are  detected  and  the  original 
microwave  signals  are  recovered.  Since  the  signals  get  to  the  antenna  elements  at 
different  times,  the  true-time  delays  are  introduced.  The  second  approach  is  shown  in 
Fig.  1.1(b)  [7,  8].  Here,  two  optical  signals  with  a  frequency  difference  (©,„)  are 
generated.  Then  the  phase  of  one  of  the  optical  signals  is  modulated  using  an  optical 
phase  modulator.  Finally  a  microwave  signal  is  generated  through  heterodyne  mixing  of 
the  two  optical  signals,  with  the  microwave  frequency  being  the  difference  between  the 
two  optical  signals.  The  phase  delay  is  then  equal  to  the  optical  phase  change  introduced 
in  one  of  the  optical  signals  through  the  optical  phase  modulator. 

There  have  been  many  different  architectures  suggested  to  transmit  and  control  a 
series  of  microwave  delays  using  optical  means.  Some  systems[4-6]  use  bulk  optics 
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Figure  1 . 1  Schematic  diagram  of  basic  ideas  of  optically  controlled  phased  array 

(a)  By  using  different  optical  path  length,  various  tme-time  delays  can  be  introduced. 

(b)  By  changing  optical  phase  f,  the  phase  of  the  final  microwave  signal  is  change. 
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which  suffer  from  thermal  and  mechanical  instabilities.  Others[7]  use  heterodyning  of 
two  injection-locked  lasers  to  generate  and  control  the  microwave  signal  and  introduce 
phase  delay  using  optical  phase  modulators.  These  typically  are  not  true-time-delay 
architectures,  and  hence  their  instantaneous  bandwidths  are  small.  For  this  reason,  true- 
time-delay  systems  using  intensity-modulation/direct-detection  (IM/DD)  techniques 
have  been  developed[10-ll],  with  two  methods  to  introduce  delays,  shown  in  Fig. 
1.2(a)  and  (b).  The  serial  delay  method  is  shown  schematically  in  Fig.  1.2(a)  for  one 
antenna  element.  In  this  scheme,  the  light  can  pass  different  lengths  of  fiber  from  zero 
to  15  At,  with  At  as  the  smallest  increment,  depending  on  the  configuration  of  the 
configuration  of  2  x  2  switches.  The  high  loss  of  available  optical  switches  makes  it 
difficult  to  build  such  a  system,  although  future  optical  switches  with  gain  (integrated 
with  semiconductor  optical  amplifiers)  might  eventually  make  this  architecture 
practical.  Figure  1 .2(b)  shows  a  second  approach  to  true-time  delay  system  utilizing  an 
IM/J)D  scheme  consisting  of  parallel  delay  lines  along  with  bias-switched  lasers 
selecting  between  various  delays[10,  11]  Here,  microwave  signals  directly  modulate 
lasers.  When  a  specific  delay  line  is  needed,  the  laser  connected  to  that  delay  line  is 
switched  on  while  all  the  others  are  kept  off  After  the  delay,  the  signal  reaches  the 
detector  via  a  combiner  (a  star  connector).  In  these  structures,  the  number  of  delay 
lines,  lasers  and  receivers  is  on  the  order  of  Mx  N ,  where  M  is  the  number  of  antenna 
elements  and  N  is  the  number  of  different  delays.  For  a  large  scale  system  where  both 
M  and  N  exceed  100,  this  method  becomes  cumbersome  or  even  impractical.  In 
addition,  such  fiber  optic  delay  systems  require  N  fibers  of  precise  and  equal  lengths 
extending  from  the  control  to  the  antenna  site.  This  is  a  particularly  stringent 
requirement  for  some  high  bandwidth  systems  where  the  distance  between  the 
controller  and  antenna  array  exceed  several  tens  of  meters.  Thus,  implementation  of 
such  optically  steered  phased  array  antenna  systems  are  currently  hampered  by  the 
extreme  complexity  involved  in  efficiently  transmitting  hundreds  of  high  quality  (i.e. 
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low  loss  and  low  interference)  microwave  delays  from  the  control  site  to  the  antenna 
array. 

To  overcome  several  of  these  difficulties,  and  to  effectively  feed  different  delays  to 
the  antenna  elements,  Freitag  and  Forrest[12]  proposed  a  true-time-delay  phased  array 
system  based  on  multichannel,  broadband  coherent  detection  techniques.  The  system  is 
unique  in  that  a  large  number  of  different  delays  are  transmitted  through  a  single  fiber, 
using  on  the  order  of  only  M+N  optical  transmitters  and  receivers[13,14].  The  system  can 
be  made  optically  transparent  by  employing  heterodyne  detection  plus  optical  amplifiers. 
We  introduce  the  basic  concept  of  this  architecture  in  this  section.  More  detailed 
analytical  and  experimental  results  are  shown  in  Chapter  2  and  3. 

It  is  known  that  the  direction  and  wave  pattern  incident  on  or  transmitted  from  an 
array  anterma  can  be  changed  by  properly  varying  the  phase  of  the  signal  emitted  from 
each  array  element.  In  the  coherent  system  architecture,  microwave  signals  are 
modulated  on  optical  carriers  with  different  frequencies  (i.e.  different  optical  channels), 
and  are  transmitted  to  antenna  elements  with  the  delays  imposed  by  sending  each  carrier 
through  different  fiber  lengths.  Due  to  the  optical  channel  selectivity  of  coherent 
detection  afforded  by  using  heterodyne  optic-to-microwave  receivers  at  each  antenna 
element,  the  delayed  signals  can  be  distributed  with  very  high  fidelity  to  the  various 
elements  to  achieve  the  desired  beam  direction. 

Figure  1.3  is  a  schematic  diagram  of  the  heterodyne  antenna  transmitter.  Each 
element  in  the  input  laser  array  has  a  different  fixed  optical  frequency,  fo]c,  where  k 
indicates  the  kth  laser  in  the  array.  The  same  microwave  signal  modulates  each  of  the  N 
lasers  in  the  array,  using  either  direct  or  external  modulation.  The  optical  signals  are  then 
coupled  to  fibers  of  different  lengths  to  introduce  the  time  delay.  Thus,  N  is  the  number 
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of  different  delays  in  the  system  which  determines  the  bit  resolution  of  the  phased  array. 
For  example,  if  N=128=2’,  then  the  system  has  seven  bit  resolution.  Different  lengths  of 
fibers  correspond  to  different  time  delays.  For  example,  a  1mm  fiber  length  difference 
corresponds  to  a  5x10  '^  s  delay,  which  is  a  1.8“  phase  delay  for  a  1  GHz  microwave 
signal.  It  is  reported  that  using  silica-based  planar  waveguide  technology,  the  delay  can 
be  controlled  to  a  precision  of  2  ps[15],  corresponding  to  0.7°  at  1  GHz.  The  several 
delayed  signals  are  combined  onto  a  single  fiber  and  sent  to  the  antenna  array,  where  the 
signals  are  distributed  to  the  coherent  receivers  using  a  IxM  splitter.  The  N  optical 
signals  are  subsequently  incident  on  each  of  the  M  coherent  receivers,  along  with  a  local 
oscillator  (LO)  laser  signal  which  is  tuned  to  provide  the  ^h  receiver  with  an  optical 
frequency  fiok  By  tuning  fiok  the  signal  on  any  particular  optical  channel  can  be 
coherently  detected.  The  photodetected  signals  are  then  demodulated  electronically  to 
recover  the  original  microwave  signals  with  different  time  delays  fed  to  the  desired 
antenna  elements.  With  LO  lasers  associated  with  each  antenna  element  tuned  to 
different  frequencies,  various  time-delays  are  fed  to  the  array  elements,  thereby  steering 
the  beam  to  different  directions. 

This  optically  steered  phased  array  antenna  system  requires  M+N  optical  transmitters 
plus  receivers,  instead  of  M  x  N  typical  of  IM/DD  systems.  Furthermore,  all  the  delays 
are  transmitted  on  different  optical  carrier  frequencies  along  a  single  fiber,  thereby 
obviating  the  need  for  cutting  and  adjusting  hundreds  of  long  fibers  extending  from  the 
control  to  the  antenna  site.  This  also  allows  for  compensation  of  the  optical  loss  from  the 
combiners,  splitters  and  other  optical  devices  by  putting  a  small  number  of  optical 
amplifiers  (e.g.erbium-doped  fiber  amplifiers,  or  EDFAs)  along  the  fiber.  Since  beam 
steering  is  accomplished  by  tuning  the  LO  to  route  the  different  delays  to  the  several 
anterma  elements,  the  steering  speed  is  determined  by  how  rapidly  the  LO  laser  can  be 
tuned.  Typically,  for  laser  diodes  this  is  in  the  range  of  1  ns  to  1  ms,  which  is  sufficient 
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for  most  applications.  By  individually  adjusting  the  microwave  amplifier  or  receiver 
gain,  the  system  can  easily  shape  the  beam. 

In  Chapter  2,  details  of  the  architecture  of  the  coherent  optical  controlled  phased  array 
antenna  are  described.  Next,  the  quantitative  analysis  of  important  system  performance 
parameters  such  as  signal-to-noise  ratio  (SNR),  dynamic  range  (DR),  and  interchannel 
interference  ratio  (SIR)  are  shown.  Finally,  the  SNR,  DR  and  SIR  of  an  example  system 
using  AM,  FM  modulation  schemes  are  calculated. 

In  Chapter  3,  we  describe  the  demonstration  of  a  true-time  delay  phased  array 
antenna  feed  system  based  on  multichannel  optical  heterodyne  detection  techniques.  The 
system  is  relatively  insensitive  to  laser  linewidth  and  IF  frequency  instabilities.  We 
demonstrate  the  generation  of  accurate  true-time  delays  for  frequencies  between  0.8  and 
1.5  GHz.  The  dynamic  range  for  one  channel  is  52  dB  for  1  MHz  bandwidth.  Even  for  a 
very  narrow  channel  spacing  of  13  GHz,  the  interchannel  interference  is  negligible.  We 
also  analyze  the  effect  of  the  IF  amplifier  phase  response  on  the  system  performance  and 
find  that  it  is  the  main  source  of  phase  instabilities  of  the  output  signal. 

1.2  Introduction  to  laser/waveguide  integration  in  a  vertical  Twin-Guide  structure 
and  low  loss  laser  design  and  fabrication 


1.2.1  Laser/waveguide  integration 

Photonic  integrated  circuits  (PICs)  have  become  the  subject  of  increasing  interest  in 
recent  years  due  to  their  great  potential  for  high  speed,  low  loss  and  reliable  performance. 
There  are  two  major  approaches  for  integration.  The  first  is  hybrid  integration,  in  which 
loss,  parasitic  reflections  and  capacitance,  and  mechanical  fragility  are  inherent  problems. 
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A  second  approach,  monolithic  integration,  is  promising  for  solving  many  of  these 
difficulties. 

One  basic  PIC  building  block  is  an  integrated  laser/waveguide,  where  light  from  a 
laser  can  be  efficiently  coupled  into  a  transparent  medium  (i.e.  the  waveguide)  for 
subsequent  optical  processing,  such  as  modulation,  splitting,  and  efficient  coupling  into 
optical  fibers.  There  are  several  methods  for  monolithically  integrating  a  laser  with  a 
transparent  waveguide.  One  technique  employs  material  regrowth  to  independently 
optimize  the  laser  and  waveguide  devices  by  separately  growing  these  device  structures 
on  locally  selected  regions  of  the  wafer[16,17].  Unfortunately,  this  requires  several 
expitaxial  growth  steps  and  fabrications  which  substantially  complicates  the  process, 
decreases  yield  (hence  increasing  the  cost),  and  must  be  customized  for  each  device 
conbination  and  geometry  employed.  In  the  second  approach,  'a  single  growth  on  an 
etched  substrate  has  been  able  to  provide  material  for  coupling  between  the  laser  and 
waveguide[18].  A  schematic  diagram  of  a  device  employing  this  technique  is  shown  in 
Fig.  1 .4.  The  growth  on  the  etched  substrate  aligns  the  double  heterostructure  laser  to  a 
passive  waveguide.  Focused  ion  beam  (FIB)  etching  generates  a  deep  grove  between  the 
butt-coupled  laser  and  waveguide  to  produce  a  sharp  mirror  for  laser  feedback.  The 
drawback  of  this  is  the  slow  processing  speed  of  the  FIB  etching,  and  the  sensitiveity  of 
the  device  performance  to  process  and  rowth  variations.  A  third  technique  involves 
disordering  of  material  to  locally  change  the  bandgap[19,  20].  Figure  1.5  shows  the 
principle  of  one  of  these  devices.  It  uses  impurity  induced  disordering  to  change  the 
bandgap  of  a  multiple  quantum  well  structure  based  on  GaAs/AlGaAs  materials.  Figure 
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1.5  (a)  shows  the  configuration  of  material  for  the  laser  in  such  a  scheme.  Here,  after  the 
epitaxial  layers  are  grown,  the  wafer  is  patterned  using  a  Si3N4  stripe  as  a  mask  for  silicon 
diffusion.  The  high  silicon  concentration  in  the  diffused  regions  enhances  the 
interdiffiision  of  the  discrete  layers  in  the  multilayered  epitaxial  structure,  resulting  in  the 
formation  of  a  buried  heterostructure  active  region  under  the  stripe.  Figure  1.5(b)  shows 
the  formation  of  the  transparent  waveguide  region  by  diffusing  the  Si  such  that  the  lateral 
Si  diffusions  from  both  sides  of  the  Si3N4  are  allowed  to  merge  and  pinch  off  the  active 
region  stripe.  This  will  introduce  more  A1  into  the  core  of  the  waveguide  due  to  the 
enhanced  interdiffusion  from  the  cladding  layers,  therefore  increasing  the  bandgap. 
These  two  different  diffusion  regions  can  be  patterned  on  the  same  material  so  that  an 
active  laser  region  can  coaxially  align  with  passive  waveguide  region,  forming  an 
integration  structure.  The  drawback  of  this  configuration  is  that  the  laser  feedback  needs 
to  be  provided  by  the  passive  waveguide  facet,  which  sets  constraints  on  the 
configuration  and  length  of  the  passive  waveguides. 

Another  solution,  used  in  this  thesis,  is  to  couple  light  via  an  evanescent  field  in  a 
closely  spaced  vertical  twin-waveguide  (TG)  structure  grown  in  a  single  epitaxial 
step[21-26].  In  such  a  device,  the  two  vertically  stacked  optical  waveguides  behave  like  a 
directional  coupler,  where  the  coupling  between  the  two  guides  can  range  from  weak  to 
strong[23,  24].  It  also  has  been  used  to  select  one  axial  mode  and  obtain  single  frequency 
emission[25].  This  approach  requires  only  a  single  material  growth  step,  providing  a 
structure  on  which  a  variety  of  “active”(e.g.  lasers  and  optical  amplifiers)  and  “passive” 
(e.g.  waveguides,  couplers  and  modulators)  devices  can  be  fabricated.  In  this  sense,  the 
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Figure  1.5  Schematic  diagram  for  monolithic  integration  of 
laser/waveguide  using  impurity-induced  disordering(Ref.  20). 

(a)  material  structure  for  laser. 

(b)  material  structure  for  passive  waveguides. 
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TG  structure  has  the  potential  of  being  a  “platform”  integration  technology  where 
multiple  PICs  can  be  combined  on  a  single,  “universal”  wafer  structure  without  regard  to 
the  specifics  of  the  devices  used  or  the  “optical  wiring”  patterns  forming  a  particular  PIC. 

Shown  in  Fig.  1.6  is  a  typical  integrated  laser/waveguide  PIC  using  the  TG  structure. 
The  top  waveguide  includes  the  active  region  which  can  provide  gain,  and  the  bottom 
guide  has  larger  bandgap,  which  serves  as  the  passive  waveguide.  As  shown  in  the 
figure,  the  left  edge  of  the  laser  is  a  cleaved  or  deeply  etched  facet,  while  on  the  right  is  a 
shallow  facet  etched  into  only  the  top  guide,  which  affords  direct  coupling  of  light  from 
the  laser  into  the  waveguide.  The  analysis  of  a  system  consisting  of  two-coupled  planar 
waveguides  can  be  carried  out  by  using  coupled-mode  theory  or  a  normal  mode 
analysis[26].  In  this  dissertation,  we  analyze  the  performance  of  the  device  methods  to 
calculate  the  TEo=even  and  TE|=odd  using  normal  modes  of  the  complex  waveguide 
structure.  The  relative  light  intensities  in  the  upper  and  bottom  guides  can  be  determined 
in  this  manner  by  the  beat  of  the  even  and  odd  modes. 

Until  recently,  laser/waveguides  in  a  TG  structure  have  only  been  obtained  with 
low  coupling  efficiency  and  high  threshold  current[21-25,  27].  Furthermore,  one 
potential  problem  of  the  TG  structure  is  the  effect  of  the  interaction  between  even  and 
odd  modes,  whose  coupling  length  is  usually  from  100  to  200  pm  and  varies  for  different 
materials  and  for  different  fabrication  procedures.  The  length  dependence  of  light 
coupling  makes  it  difficult  to  control  facet  feedback,  and  the  coupling  efficiency  from 


15 


First 

guide 

Second 

guide 


Cleaved 

facet 


Laser 


Passive  waveguide 


Figure  1 .  6  Monolithically  integrated  laser/waveguide 
in  a  twin-waveguide  structure. 


laser  into  the  passive  waveguide[22,  26].  Note,  however,  for  our  devices  to  be 
compatible  with  the  phased  array  antenna  system  investigated  here,  with  long  haul 
communications  and  optical  distribution  systems,  the  integrated  devices  must  be  capable 
of  emission  at  1.3  and  1.55  pm  wavelengths,  and  have  high  coupling  efficiency. 
Furthermore,  to  serve  as  a  truly  versatile  integration  “platform”,  methods  to  reduce  device 
performance  sensitivity  on  inevitable  process  and  materials  variations  must  be  developed. 

In  this  dissertation,  therefore,  we  discuss  the  a  demonstration  of  the  monolithic 
integration  of  a  1.55  pm  wavelength  strained  layer,  MQW  laser  with  a  passive  waveguide 
using  a  vertical  TG  structure  based  on  InP/InGaAsP  system[28].  In  order  to  gain  better 
control  of  laser  facet  reflectivity  and  light  coupling  from  the  lasers  to  the  passive 
waveguides,  we  use  a  novel  approach:  introducing  an  InGaAs  “loss  layer”  between  the 
two  vertical  waveguides  to  eliminate  even  mode  propagation.  The  presence  of  only  the 
odd  mode  in  this  structure  makes  the  facet  reflectivity  and  light  coupling  independent  of 
variations  in  the  epitaxial  structure,  cavity  length  and  fabrication  details.  It  is  also  shown 
that  the  loss  layer  has  little  effect  on  the  odd  mode,  such  that  threshold  current  density 
and  external  efficiency  are  the  same  as  achieved  in  structures  without  the  loss  layer.  This 
tolerance  to  details  of  materials  and  fabrication  procedure  indicates  that  the  modified  TG 
structure  is  an  important  first  step  in  the  realization  of  a  flexible,  platform  PIC 
technology. 
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1.2.2  Low  loss  SCH-MQW  laser  diodes  with  broadened-waveguide 

The  semiconductor  laser  is  one  of  the  most  important  devices  in  virtually  all 
advanced  photonic  systems.  Since  the  invention  of  the  first  double  heterojunction  laser 
diode  nearly  three  decades  ago,  enormous  achievements  toward  achieving  semiconductor 
lasers  with  high  efficiency,  high  power,  low  noise,  wavelength  tunability,  and  narrow 
linewidth.  For  a  semiconductor  laser,  the  internal  optical  loss  arising  from  free  carrier 
absorption,  material  defects,  and  scattering  at  the  epitaxial  interfaces,  is  one  key 
parameter  in  determining  efficiency,  threshold  current  density  and  maximum  output 
power.  Through  our  study  in  this  dissertation,  we  find  that  a  major  fraction  of  the 
internal  optical  loss  in  separate  confinement  heterostructure  multiple-quantum-well 
(SCH-MQW)  InP/InGaAsP  lasers  comes  from  the  free  carrier  absorption.  Based  on  this 
knowledge,  we  design  a  laser  structure  with  a  broadened,  undoped  waveguide 
approximately  1  pm  wide  to  reduce  the  free  carrier  absorption,  and  thus  significantly 
lower  the  total  internal  optical  loss. 

The  lowest  previously  reported  values  of  internal  optical  losses  obtained  for  1.5 
pm  wavelength  SCH-QW  InGaAsP/InP  lasers  were  >3.5  cm''[29,30].  In  this  work,  we 
obtained  an  internal  loss  as  low  as  1.3  cm"',  and  realize  a  two-fold  increase  in  differential 
efficiency  in  devices  longer  than  2  mm[30].  A  record  CW  output  power  of  4.6  W  has 
been  demonstrated  for  such  a  laser  with  a  200  pm  wide  aperture.  The  introduction  of  a 
broadened  waveguide  reduces  the  quantum  well  confinement  factor,  which  by  itself 
might  cause  an  increase  of  the  threshold  current  density.  However,  the  competing  effect 
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of  a  lower  internal  optical  loss  is  so  strong  that  we  actually  obtain  a  record  low  threshold 
current  density  of  73  A/cm^  per  quantum  well  for  a  4  mm  long  devices.  The  achievement 
of  such  low  threshold  current  densities  and  high  output  efficiencies  is  another  crucial 
milestone  in  realizing  practical,  highly  integrated  PICs  such  as  those  demonstrated  by  our 
optically  controlled  microwave  antenna  system.  Such  a  system  requires  large  scale 
integrated  arrays  of  lasers  and  modulators  which  can  deliver  a  maximum  optical  power 
with  a  minimum  power  dissipation  (i.e.  high  wall-plug  efficiency)  such  that  the  device 
operation  is  not  degraded  by  thermal  interactions  with  its  neighbors.  This  novel  laser 
structure  is  thus  central  to  our  implementing  advanced  photonic  systems  with  flexible, 
integrated  high  performance  PICs  and  optoelectronic  integrated  circuits  (OEICs). 

The  second  part  of  this  dissertation  is  organized  as  follows.  .Chapter  4  describes 
the  physics  and  numerical  calculations  required  for  designing  and  analyzing  laser  and 
waveguide  devices.  We  summarize  the  results  for  material  gain  and  characteristics  of 
lasers,  such  as  L-I  curves,  efficiency,  output  and  internal  loss.  The  basic  concepts  of 
numerical  methods  for  calculating  optical  modes  are  described.  Finally,  we  illustrate  in 
detail  our  processing  procedures  for  ridge  lasers  and  semiconductor  optical  amplifiers 
(SOAs)  and  show  performance  data  of  typical  devices.  Photonic  device  integration 
employing  twin-waveguide  (TG)  structure  are  discussed  in  Chapter  5.  The  numerical 
design,  analysis,  optimization  and  experimental  results  about  an  integrated 
laser/waveguide  are  presented  in  detail.  Chapter  6  described  our  work  on  achieving  low 
loss,  high  power,  separate  confinement  multiple  quantum  well  (SCH-MQW)  lasers  using 
broadened  waveguide  structure.  The  effects  of  the  waveguide  broadening  on  the  internal 
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loss,  efficiency,  and  the  threshold  current  density  are  theoretically  analyzed. 
Experimental  results  of  these  parameters  of  the  lasers  are  shown  and  compared  to  the 
numerical  results.  Finally,  in  Chapter  7,  we  give  conclusions  and  some  future  research 
directions. 
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Chapter  2  Analysis  of  A  True-Time  Delay  Phased  Array  Antenna  System 
Using  Coherent  Optical  Detection  Techniques 

In  this  chapter,  we  analyze  a  true-time-delay,  optically  controlled  phased  array 
antenna  system  whereby  beam  forming  is  accomplished  using  a  large  number  of  an¬ 
tenna  elements  that  can  receive  any  of  several  different  microwave  true-time-delays 
via  the  use  of  coherent  optical  carriers  transmitted  through  a  single  fiber.  The  trans¬ 
mitter  and  receiver  architectures  are  described  in  detail.  We  present  calculations 
for  the  signal-to-noise  ratio  (SNR),  the  signal-to-interchannel  interference  ratio  (SIR) 
and  dynamic  range(DR)  of  one  channel  for  various  modulation-demodulation  schemes 
(i.e.,  AM-heterodyne,  FM,  PM).  We  show  for  an  example  system  that  can  accommo¬ 
date  128  antenna  elements  and  provide  128  different  delays  (7  bits),  assuming  AM 
modulation  with  a  bandwidth  of  1  MHz,  a  transmitter  power  of  -5  dBm  and  a  laser 
linewidth  of  10  MHz,  we  can  obtain  DR  ~  50dB  for  one  channel  using  a  channel 
separation  twelve  times  of  that  of  the  microwave  frequency  (/m)-  For  the  FM  scheme, 
DR  ~  60dB  can  be  obtained  for  one  channel  with  a  laser  linewidth  of  1  MHz,  a 
FM  modulation  index  of  one,  and  a  channel  spacing  of  about  13fm-  With  a  local 
oscillator  laser  tuning  range  of  100  A,  the  system  can  provide  seven-bit  resolution  for 
a  128  element  antenna  array.  It  is  found  that  coherent  optically  controlled  phased 
array  antennas  provide  improved  controllability  over  direct  detection  method,  and 
can  have  the  SNR,  SIR  and  DR  that  meet  the  stringent  requirements  of  modern  high 
resolution  microwave  antenna  systems. 
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Symbols  Used  in  the  Chapter 
FM  modulation  index 

Parameters  for  signal  and  noise  powers  of  the  AM  scheme 

Maximum  optical  frequency  deviation  for  the  FM  scheme(=  /3/m) 

3-dB  laser  linewidth 

Optical  carrier  frequency 

Phase  of  the  intermediate  frequency  signal 

Phase  noise 

Pulse  width  of  radar  signals 
Angular  intermediate  frequency  (IF) 

IF  current  amplitude  ,  2R\/P^Pi^ 

Amplified  spontaneous  emission 
Bandwidth  of  the  radar  signal 
IF  bandwidth 
Radar  signal  spectrum 
Optical  signal  velocity  in  fibers 
Channel  spacing 

Time  delay  for  the  ith  antenna  element 
Dynamic  range 

Noise  figure  of  the  optical  amplifier  system 
Microwave  signal  frequency 
Pulse  repetition  frequency  of  radar  signals 
Intermediate  frequency 
Optical  gain 
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Total  optical  gain  of  one  channel 

Transfer  function  of  the  bandpass  filter  for  IF  signals 

Transfer  function  of  the  final  filter 

Planck  constant 

Intermediate  frequency  current 

Boltzmann  constant (=  1.38  x  J/K) 

Optical  loss 

Number  of  antenna  elements 
AM  modulation  index 

Number  of  different  delays  corresponding  to  bit  resolution 

Noise  current 

Interference  current 

Power  spectral  density 

Interference  power  at  the  final  output 

RF  power  input  that  results  in  third  order  power  equal  to  noise  power 
RF  power  input  that  results  in  SNR=1 
Local  oscillator  laser  power 

Optical  power  of  one  channel  incident  on  one  receiver 
Signal  power  of  the  primary  channel  at  the  final  output 
Total  optical  signal  power  incident  on  one  receiver 
Photoresponsivity  of  detectors 
Relative  intensity  noise  of  lasers(in  units  of  dB/Hz) 

Resistance  of  the  receiver,  usually  50^ 
Signal-to-interchannel-interference  ratio 
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SNR 

Signal-to-noise  ratio 

Sn(/) 

PSD  of  the  total  noise  current  at  the  IF  region 

Sn, thermal 

PSD  of  thermal  noise 

^n,shot 

PSD  of  shot  noise 

Sn,LO-ASE 

PSD  of  the  LO-ASE  beat  noise 

Sn,RIN 

PSD  of  relative  intensity  noise 

PSD  of  the  time  derivative  of  laser  phase  noise 

T 

temperature 

X 

Number  of  delays  needed  on  the  optical  receiver  site 

x(t) 

Modulation  signal 

2.1  Introduction 

In  Chapter  1 ,  we  describe  the  basic  concept  of  a  true-time  delay  phased  array  antenna 
feed  system  based  on  multichannel  optical  heterodyne  techniques.  In  this  chapter, 
we  quantitatively  analyze  the  performance  of  the  transmitter  and  receiver  system 
of  Ref.[l][2].  We  find  that  such  a  multichannel  system  has  very  low  interchannel 
interference,  high  signal-to-noise  ratio(SNR),  and  dynamic  range(DR).  Semiconductor 
lasers  used  in  this  system  reduce  both  size  and  cost,  and  increase  robustness  and 
tuning  range.  Even  with  the  comparatively  large  semiconductor  laser  linewidths, 
Doppler  radar  can  still  be  implemented  using  this  architecture. 

This  chapter  is  organized  as  follows.  In  Sec.  2.2,  the  transmitter  and  receiver 
structures,  and  some  system  issues  are  described  in  detail.  Section  2.3  describes  the 
spectra  of  radar  signals,  and  introduces  analytical  methods  to  treat  such  issues  as 
noise,  signal-to-noise  ratio  (SNR)  for  one  channel,  signal-to-interchannel-interference 
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ratio  (SIR),  and  dynamic  range  (DR).  We  also  provide  parameters  for  an  example  sys¬ 
tem  which  can  accommodate  128  antenna  elements  and  provide  128  different  delays, 
whose  performance  is  evaluated  in  the  following  sections.  In  Secs.  2.4  and  2.5,  we 
provide  the  results  of  calculations  for  SNR,  SIR,  DR,  channel  spacing,  and  the  num¬ 
ber  of  channels  that  can  be  accommodated  for  optical  AM,  FM  and  PM  modulation 
schemes.  In  Sec.  2.6,  some  detailed  comparisons  are  made  concerning  the  advantages 
and  disadvantages  of  optical  coherent  and  two  other  true-time  delay  architectures 
currently  under  investigation.  We  present  conclusions  in  Sec.  2.7. 


2.2  System  Description 

2.2.1  More  about  the  Transmitter  Antenna 

In  Chapter  1,  we  describe  the  operating  principles  of  the  true-time  delay  phased  array 
antenna  transmitter  using  optic  heterodyne  techniques,  shown  again  here  in  Fig.  2.1. 
In  an  antenna  array  system,  a  greater  number  of  delays  leads  to  a  higher  angular 
resolution  and  steering  accuracy.  In  Fig.  2.1,  the  number  of  different  delays  which 
corresponds  to  the  number  of  optical  channels  is  limited  by  the  tuning  range  of  the  LO 
laser.  Currently,  wide  tuning  ranges  of  ~  83nm  of  single  mode  operation  have  been 
demonstrated  for  DBR  lasers  [3].  Using  external  cavities  and  gratings,  the  tuning 
range  can  also  approach  several  tens  of  nanometers  with  a  very  narrow  linewidth[4]. 
For  very  large  scale  systems  where  the  tuning  range  of  an  LO  laser  is  insufficient, 
one  can  employ  several  LO’s  for  each  optical  receiver.  In  this  case,  each  LO  covers 
a  different  region  of  the  tuning  spectrum  within  the  total  frequency  band  occupied 
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by  all  channels.  This  scheme  is  shown  in  Fig.  2.2a.  An  alternative  means  is  to  use 
several  receivers  corresponding  to  several  different  delays  transmitted  to  one  antenna 
element,  which  is  shown  in  Fig.  2.2b.  For  example,  assume  that  the  n  delay  lines 
at  the  combiner  input  introduce  the  delays:  0,  A^,  2A<,  ...,  (n  —  l)At  in  ascending 
order.  Each  signal  is  again  split  into  k  branches  which  introduce  additional  delays 
0,  nAi,  2nA<,  ...,  {k  —  l)nAt  after  which  they  reach  the  different  antenna  element 
receivers.  The  antenna  element  only  receives  one  of  the  several  signals  from  these 
different  receivers  using  electronic  switches.  By  this  means,  the  total  number  of 
different  delays  for  the  system  is  kn. 


2.2.2  The  Receiver  Antenna 

Using  a  structure  similar  to  that  of  the  transmitter  in  Fig.  2.1,  the  system  is  also 
capable  of  detecting  signals  arriving  from  different  directions.  This  is  accomplished  by 
delaying  signals  received  from  the  several  antenna  elements  so  that  they  are  added  in 
phase  to  obtain  a  detectable  output.  Figure  2.3a  shows  the  basic  receiver  architecture. 
The  signals  from  the  various  antenna  elements  are  modulated  on  different  optical 
carriers  corresponding  to  different  optical  channels.  The  optical  signals  are  then 
combined  and  transmitted  from  the  antenna  site  to  the  optical  receiver  site,  where 
they  are  incident  on  each  optically  coherent  receiver  through  various  lengths  of  fibers 
which  introduce  the  true  time  delays.  Here,  each  receiver  corresponds  to  a  particular 
delay.  When  the  frequency  of  an  LO  laser  is  tuned  to  some  optical  channel,  the 
associated  optical  receiver  outputs  the  delayed  microwave  signal  modulated  on  this 
channel.  In  the  receive  mode,  the  signal  arriving  at  each  antenna  is  delayed  by 
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signals  coming  to  one  antenna  element 


(a) 


3  dB  coupler 


Using  these  methods,  the  system  can  accommodate  more  delays  with  a 
limited  laser  tuning  rangethan  the  structure  in  Figure  2.1  . 
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Figure  2.3  The  coherent  optically  controlled  phased  array  antenna  receiver 

(a)  The  basic  receiver  structure  and 

(b)  the  receiver  staicturc  using  less  optical  receivers  and  delay  lines. 


an  amount  consistent  with  the  beam  direction,  and  the  signals  are  then  brought  in 
phase  and  summed  to  obtain  the  total  signal.  Employing  a  sufficiently  large  number 
of  optical  receivers  with  various  lengths  of  fibers  ensures  that  the  system  can  provide 
proper  delays  for  each  direction.  From  Fig.  2.3(a),  we  see  that  the  receiver  has 
advantages  similar  to  that  of  the  transmitter,  such  as  using  a  single  fiber  as  the  main 
transmission  line,  amplification  along  this  fiber  etc. 

The  receiver  is  slightly  more  complex  than  the  transmitter  in  terms  of  the  number 
of  delay  lines  used.  Nevertheless,  the  number  of  optical  delay  lines  (corresponding 
to  the  number  of  optical  receivers)  is  linearly  proportional  to  N,  where  N  is  the 
number  of  different  delays  required  to  achieve  a  given  bit  resolution.  We  will  see 
below  that  the  difference  between  the  number  of  delays  and  delay  lines  arises  since  the 
transmitting  and  receiving  signals  of  one  antenna  element  do  not  necessarily  share  the 
same  path  in  the  optically  coherent  detection  scheme.  To  understand  how  many  delay 
lines  are  required,  consider  a  one  dimensional,  linear  phased  array  antenna.  Assume 
that  there  are  M  antenna  elements,  and  that  there  are  N  different,  equally  spaced 
delays  at  time  intervals  of  0,  At,  2Ai,  ...,  (W  —  l)At,  where  At  is  the  smallest  time 
increment.  For  receiving  signals  arriving  from  various  angles,  the  delays  introduced 
for  the  antenna  elements  1  to  M  can  either  increase  or  decrease  monotonically.  For 
broadside  detection  (the  signal  oriented  perpendicular  to  the  plane  of  the  antenna 
array),  the  signals  received  from  all  antenna  elements  should  be  fed  with  M  identical 
delays.  For  directions  near  to  but  not  at  the  broadside  direction,  the  signals  received 
from  many  neighboring  antenna  elements  have  to  be  fed  with  identical  delays  due 
to  lack  of  digital  resolution.  In  the  antenna  transmitter,  one  delayed  signal  can  be 
fed  to  any  number  of  antenna  elements  simultaneously.  For  the  antenna  receiver. 
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however,  one  would  like  to  use  one  optical  receiver  to  receive  all  the  signals  requiring 
the  same  delay.  But  as  we  show  in  Appendix  3,  this  imposes  extremely  stringent 
requirements  on  the  transmitter  lasers,  and  also  requires  precise  delays.  Therefore, 
practical  receivers  must  provide  more  than  N  delay  lines  to  detect  signals  near  the 
broadside  direction.  Employing  coherent  detection  techniques,  one  receiver  and  its 
corresponding  delay  line  can  be  used  for  different  antenna  elements  at  each  different 
detection  angle.  Hence,  the  total  number  of  delay  lines  is  still  much  smaller  than 
that  required  for  the  IM/DD  detection  scheme.  In  Appendix  4,  we  show  that  for  the 
special  case  of  M  =  AT,  the  total  number  of  delay  lines  (X)  is  approximately  M  In  M. 
For  the  case  where  TV  >  M,  X  =  (JV  —  M)  +  MlnM.  These  are  both  much  smaller 
than  M  X  N  required  for  an  IM/DD  system  if  M,N  >  10. 

We  see  from  the  above  that  for  N  ^  M,  X  Nj  where  N  is  the  smallest 
number  of  delays  the  system  must  provide  for  the  required  detection  resolution.  For 
the  case  where  N  is  not  much  larger  than  M,  we  can  further  reduce  the  number  of 
optical  receivers  (and  delay  lines)  by  the  architecture  shown  in  Fig.  2.3(b).  Here, 
we  introduce  delays  at  both  the  optical  receivers  and  the  antenna  elements.  In  this 
case,  the  total  delay  for  the  signal  from  one  antenna  element  is  the  sum  of  the  delays 
corresponding  to  the  antenna  element  and  the  receiver.  By  appropriately  arranging 
the  delays  for  the  antenna  elements,  the  antenna  can  be  pointed  to  every  desired 
direction  while  the  number  of  delay  lines  and  optical  receivers  is  reduced.  In  Appendix 
4,  an  arrangement  of  the  delays  at  the  antenna  site  is  analyzed  and  it  is  found  that 
when  N  =  jM,  the  total  number  of  delays  needed  at  the  receiver  site  (X)  is  (1.5  + 
1  /j)N  when  j  is  an  integer,  and  X  =  (1.5[j]  +  1)M  when  j  is  not  an  integer,  but  where 
\j]  is  the  least  integer  that  is  not  smaller  than  j.  Here,  X  is  approximately  linearly 
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proportional  to  N.  For  example,  if  there  are  128  antenna  elements  and  the  system 
requires  128  different  delays  (7  bit  resolution),  then  using  the  arrangement  given  in 
Appendix  4,  only  320(=  (1.5  + 1)  X  128)  delay  lines  are  needed  at  the  optical  receiver 
site.  Such  a  system  requires  128  optical  transmitters  and  320  coherent  receivers  with 
corresponding  delays.  We  call  this  a  “128  x  320”  system. 

The  analysis  can  easily  be  extended  for  two  dimensional  beam  forming  and  steering 
(i.e.  a  planar  phased  array),  where  the  smallest  time  increments  Ati,  At2  for  the  two 
spatial  dimensions  (elevation  and  azimuth)  are  different,  and  with  Ni  and  N2  being 
the  number  of  different  delays  for  the  two  dimensions,  respectively.  The  number 
of  delay  lines  and  optical  receivers  are  still  linearly  proportional  to  the  number  of 
different  delays,  Ni  ■  N2,  while  for  the  IM/DD  scheme,  it  is  on  the  order  of  {Ni  ■  ^2)^. 
If  Ati  =  At2,  the  number  for  both  coherent  and  IM/DD  systems  are  smaller  than 
the  corresponding  systems  where  Ati  7^  At2. 

For  the  receiver  antenna,  the  number  of  antenna  elements  determines  the  number 
of  optical  channels  needed.  If  the  tuning  range  of  one  LO  laser  is  not  sufficiently 
wide,  multiple  LO’s  can  be  used  to  cover  the  different  frequency  ranges,  similar  to 
the  transmitter  structure  in  Fig.  2.2(b).  Alternatively,  the  antenna  array  can  be 
divided  into  several  sub-groups,  each  of  which  has  fewer  antenna  elements  and  needs 
a  delay  feed  system  with  a  smaller  number  of  optical  channels.  The  received  signal  is 
then  just  the  sum  of  the  output  microwave  signals  from  each  sub-group. 
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2.2.3  Optical  Amplifier  Performance 


Both  semiconductor  optical  amplifiers  (SOA)  and  erbium-doped  fiber  amplifiers  (EDFA) 
can  be  used  to  compensate  for  power  losses  at  the  combiners,  splitters,  etc.,  and  to 
prevent  degradation  of  the  signal-to- noise  ratio  (SNR).  The  SOA  is  compact  and  can 
be  integrated  with  other  devices  such  as  lasers,  modulators,  combiner  s/splitters,  and 
has  a  wide  bandwidth.  On  the  other  hand,  the  EDFA  can  accommodate  more  power, 
and  the  noise  figure  is  low  in  comparison  to  the  SOA.  To  achieve  a  high  SNR,  the 
system  is  most  advantageously  implemented  in  several  cascaded  gain  stages  as  shown 
in  Fig.  2.4.  The  total  effective  noise  figure  of  the  optical  amplifier  system  with  respect 
to  the  signal  of  one  channel  is  [5]: 

F  =  Li{Ki{Fi  -!)  +  !)+  ^  r  r^/L  L  L 

Lrij  1jiL2 

where  Gn  and  are  the  gain  and  noise  figure,  respectively,  for  the  nth  stage  in  the 
amplifier  cascade,  is  the  optical  loss  before  each  stage,  and  Ki  is  the  number  of 
amplifiers  in  the  first  stage.  Now,  is  in  Eq.  2.1  because  after  the  signals  combine, 
the  noise  in  one  channel  is  due  to  the  amplified-spontaneous-emission  (ASE)  noise 
from  all  optical  amplifiers  in  the  first  stage.  Assume  GijLi  ^  1  (since  the  gain  is 
usually  much  larger  than  the  loss  of  the  first  stage)  and  Gif  Li  >  1  for  z  =  2,3.  In 
this  case,  the  contribution  to  the  noise  from  the  first  stage  amplifiers  dominates  over 
subsequent  stages  in  the  cascade.  Provided  that  the  gain  of  the  following  stages  can 
compensate  the  loss  of  each  stage,  the  noise  figure  is  ~  Li{Ki{Fi  —  1)  +  1)  even  if 
there  are  additional  splittings  after  the  combinations  in  the  architecture  shown  in 
Fig.  2.1,  as  required,  for  example,  by  the  expanded  transmitter  in  Fig.  2, 2(b). 

For  an  EDFA,  the  noise  is  mainly  due  to  ASE  noise  even  for  multichannel  amplifi- 
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cation.  On  the  other  hand,  an  SOA  has  both  ASE  noise  and  crosstalk,  which  depends 
on  the  number  of  channels,  the  optical  input  power,  and  the  modulation  scheme  of 
the  optical  signal.  These  gain  depletion  effects  are  difficult  to  treat,  and  are  usually 
estimated  numerically [6].  For  simplicity,  therefore  we  consider  here  only  EDFA-based 
systems.  The  performance  of  an  example  EDFA-based  antenna  feed  system  consist¬ 
ing  of  128  transmitter  lasers  and  320  optical  receivers  is  illustrated  in  Table  2.1.  For 
this  system,  the  optical  gain  of  one  channel  is  -3.2  dB,  indicating  that  such  coherent 
systems  can  be  made  nearly  transparent.  There  have  been  reports  of  ED  FA  s  with 
gains  of  54  dB  and  3.1  dB  noise  figure[7].  Thus,  using  currently  available  EDFAs, 
one  can  achieve  the  performance  predicted  in  Table  2.1,  where  the  noise  figure  is 
approximately  N  ■  Fi  for  each  channel  in  an  N  channel  system.  The  noise  figure  of 
the  EDFAs  of  the  example  128  x  320  system  is  25  dB.  As  will  be  shown  below,  this 
noise  figure  determines  the  overall  system  performance,  especially  the  SNR  and  DR. 
Utilizing  optical  filters  whose  passbands  are  limited  to  the  signal  bandwidth  after 
each  EDFA,  the  noise  figure  can  be  further  reduced  to  ~  LiFi,  or  ~  16  dB. 


2.2.4  Miscellaneous  System  Issues 

Fiber  chromatic  dispersion  will  cause  signals  propagating  in  different  channels  to 
travel  at  different  speeds.  This  problem  is  especially  acute  for  systems  consisting  of 
a  large  number  of  channels  where  the  wavelength  difference  between  some  channels 
is  quite  large.  When  the  system  is  used  in  aerospace  applications,  the  length  of  the 
fiber  is  typically  less  than  several  tens  of  meters.  In  this  case,  even  if  the  system 
covers  a  large  frequency  range,  dispersion  will  not  cause  serious  problems.  However, 


39 


Table  2.1  Parameters  for  the  Example  System 
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*Losses  are  taken  to  be  0.1  dB  for  each  splice  connection. 


for  terrestrial  systems  where  the  fiber  length  can  exceed  a  kilometer,  dispersion  can 
potentially  introduce  additional  time  delays  for  different  channels,  which  cannot  be 
neglected  for  precise  beam  steering.  This  is  especially  true  for  systems  with  many 
channels.  To  solve  this  problem,  the  central  frequencies  of  the  input  laser  arrays  are 
fixed,  thereby  determining  the  optical  group  velocity  of  each  channel.  Assume  that 
the  group  velocity  of  channel  k  is  c^,  then  after  traveling  through  a  fiber  of  length 
L,  any  other  channel  k  will  have  an  additional  time  delay  of  {Ljck  —  L/co)  compared 
to  channel  0.  To  compensate  for  this  additional  delay,  we  make  the  fiber  associated 
with  channel  k,  {L/ck  —  Llco)ck  shorter  before  it  combines  with  other  channels.  For 
example,  a  typical  value  of  dispersion  for  dispersion-shifted  single  mode  fiber  at  1.55 
fim  is  around  1  ps/km-nm.  For  two  optical  channels  separated  in  wavelength  by 
AA  =  Inm,  and  using  a  1  km  long  fiber,  the  time  delay  difference  is  1  ps.  If  the 
channel  separation  is  10  nm  and  the  fiber  length  is  10  km,  the  additional  delay  would 
be  100  ps,  which  is  a  significant  delay  for  a  1  GHz  signal. 

For  very  high  frequency  antenna  systems  (i.e.  several  tens  of  GHz),  it  is  difficult 
to  directly  use  coherent  detection,  because  the  intermediate  frequency  (frequency 
difference  between  the  incoming  optical  signal  and  the  LO  signal)  is  too  high  for 
use  with  conventional  microwave  devices.  In  this  case,  the  coherent  system  can  be 
used  to  introduce  true-time  delay  at  a  low  frequency  (e.g.  ~  1  GHz).  For  producing 
microwave  transmitting  signals,  microwave  mixers  and  local  oscillators  are  then  used 
to  up-shift  the  delayed  signals  into  the  high  frequency  band  desired.  Conversely,  for 
receiving,  mixers  are  used  to  down-shift  the  frequency  before  introducing  the  time 
delays  [8].  These  microwave  frequency  shifts  can  be  achieved  up  to  frequencies  as 
high  as  several  tens  of  GHz  using  conventional  diode  mixers [9]. 
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In  this  chapter,  we  discuss  digitalized  time  delays,  which  will  introduce  some  errors 
in  the  desired  beam  characteristics  [10].  For  systems  with  a  large  number  of  delays, 
however,  this  error  tends  to  be  very  small. 

In  the  following  sections,  we  calculate  the  SNR,  SIR  and  DR  of  one  channel  in 
a  128  X  320  example  system,  illustrating  the  system  performance.  However,  in  a 
phased  array  receiver,  the  final  signal  is  the  sum  of  the  signals  from  each  antenna 
element.  Due  to  their  coherence,  the  signal  amplitudes  are  added,  although  the  noise 
contributions  are  added  in  power.  Hence,  the  system  SNR,  DR  and  SIR  will  be  M 
times  larger  than  those  of  one  channel,  where  M  is  the  number  of  antenna  elements. 


2.3  System  Evaluation 

In  this  section,  we  discuss  general  approaches  for  the  quantitative  evaluation  of  the 
performance  of  the  coherent  optically  controlled  phased  array  antenna  system.  We 
first  discuss  the  typical  spectra  of  radar  signals,  and  then  derive  expressions  to  cal¬ 
culate  the  signal-to-noise  ratio  (SNR),  dynamic  range  (DR),  signal-to-interchannel- 
interference  ratio  (SIR),  optimum  optical  channel  spacing  and  the  number  of  optical 
channels  that  can  be  accommodated.  In  the  following  sections,  we  apply  these  ex¬ 
pressions  to  evaluate  the  performance  of  an  example  antenna  receiver  which  has  128 
elements  and  7  bit  resolution  (the  128  x  320  system  as  discussed  in  Sec.  2.2.2). 
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2.3.1  The  Radar  Spectrum 


A  radar  signal  typically  consists  of  a  sequence  of  pulsed,  high  frequency  oscillations 
(see  Fig. 2. 5).  The  spectrum  of  this  microwave  signal  can  be  expressed  as[10]: 

Cif)  =  0.5  (C,(/  +  fm)  +  c,{f  -  fm))  (2.2) 


Here,  fr  is  the  pulse  repetition  frequency  (PRF),  r  is  the  pulse  width,  and  fm 
is  the  microwave  oscillation  frequency.  From  Eq.  2.2,  we  see  that  the  characteristic 
spectrum  of  a  radar  signal  is  a  sine  function  centered  at  fm,  typically  between  1  and 
20  GHz,  with  most  of  the  power  concentrated  in  a  comparatively  narrow  bandwidth 
which  spans  a  frequency  range  on  the  order  of  l/r  with  a  typical  value  of  1  MHz.  The 
narrow  bandwidth  of  the  signal  enables  the  system  to  greatly  reduce  the  wideband 
noise. 

For  Doppler  radar  systems,  a  coherent  pulse  train  is  transmitted  to  obtain  a  nearly 
discrete  spectrum,  so  that  the  frequency  shifts  within  one  PRF  range  can  be  deter¬ 
mined  [11].  From  the  following  analysis,  we  find  that  the  demodulated  microwave 
signals  from  the  optical  carrier  can  still  maintain  the  original  spectrum  of  the  mod¬ 
ulating  microwave  signals,  thereby  ensuring  that  this  system  can  employ  Doppler 
phenomena. 
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Figure  2.5  The  Radar  Signal  Spectrum 

(a)  A  single  pulse  and  an  incoherent  pulse  train, 

(b)  A  long  coherent  pulse  train. 
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2.3.2  System  Noise 


We  now  consider  the  noise  from  optical  modulation,  transmission  and  detection.  After 
photodetection,  for  the  simplest  case,  the  IF  (intermediate  frequency)  signal  current 
can  be  expressed  as: 


iipit)  =  A(t)  COs[ujFt  +  +  ^phase{t)]  +  ’^■(0  +  (2-3) 


Here,  A{t)  and  represent  the  amplitude  and  phase  modulation,  respectively,  for 
the  amplitude  modulation  (AM),  frequency  modulation  (FM)  or  phase  modulation 
(PM)  schemes,  ujf  =  27r//jr  is  the  angular  IF  frequency,  (pphase  is  the  laser  phase 
noise,  n(t)  is  the  additive  noise  of  the  system,  and  ni„t(t)  is  the  interference  signal 
current  from  other  channels.  In  this  chapter,  the  noise  power  spectral  density  is 
taken  single-side-band.  The  power  spectral  density  (PSD)  of  the  time  derivative  of 
the  phase  noise  is[12]: 

where  At/  is  the  sum  of  the  transmitter  and  LO  laser  linewidths.  The  additive  noise, 
n(t),  consists  of  thermal  noise,  shot  noise,  relative  intensity  noise,  and  the  beat  of  the 
LO  laser  with  the  ED  FA  amplified  spontaneous  emission  (ASE)  noise.  The  PSD  of 
each  noise  source  is  given  below[12],  [13].  The  thermal  noise  Sn, thermal  is: 


^njthermal 


AksT 

r 


(2.5) 


where  ks  is  Boltzmann’s  constant,  T  is  temperature  and  r  is  the  input  resistance  of 
the  receiver.  The  shot  noise  Sn.shot  is: 

^n^shot  —  2eR[Pi,o  +  Ps  (2.6) 
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where  R  is  the  responsivity  of  the  detector,  Plo  is  the  optical  power  of  the  local 
oscillator,  and  P,-total  is  the  optical  power  of  all  signals  incident  on  a  receiver.  That 
is,  Ps-totai  is  approximately  equal  to  the  optical  power  of  one  channel  that  is  incident 
on  a  receiver  (P,)  multiplied  by  the  number  of  channels.  The  LO-ASE  beat  noise 
Sn.LO-ASE  is  then  given  by: 

Sn, LO-ASE  =  2R^hv{F  -  l)GtotPLO  (2.7) 

where  h  is  Planck’s  constant,  v  is  the  optical  frequency,  F  is  the  optical  amplifier 
noise  figure,  which  can  be  obtained  from  Eq.2.1,  and  Gtot  is  the  total  optical  gain  for 
one  channel.  Next,  the  PSD  of  the  laser  relative  intensity  noise  is  [12]: 

Sn,RIN  =  (2.8) 

where  RIN^  and  RINlo  are  the  relative  intensity  noise  contributions  (in  dB/Hz)  of 
the  transmitter  and  LO  lasers,  respectively.  If  balanced  optical  receivers  are  consid¬ 
ered,  then  most  of  the  contribution  of  the  relative  intensity  noise,  together  with  the 
direct  detection  and  beat  terms  between  signal  channels  will  be  canceled  [14].  We 
will  see  below  that  the  RIN  nevertheless  contributes  to  the  total  noise  of  coherent 
receivers.  Summing  Eqs.  (2.5)-(2.7),  the  PSD  of  the  additive  noise  current  is  given 
by: 

S„if)  =  2R?hu{F  -  l)GtotPLO  +  2eR{PLo  +  P.-totai)  +  (2.9) 

When  Plo  is  sufficiently  large  (typically  >  0  dBm),  the  shot  noise  is  larger  than 
the  thermal  noise.  Also,  the  LO-ASE  beat  noise  is  larger  than  the  shot  noise  provided 
that  the  optical  amplification  is  sufficiently  large.  Thus  the  LO-ASE  noise  usually 
dominates  the  frequency  independent  noise  expression  in  Eq.  2.9.  The  discussion  in 
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Sec.  2.2  shows  that  the  ASE  noise  usually  comes  from  the  first  amplifier  stage.  Thus, 
small  variations  in  the  subsequent  splitting  and  amplification  will  have  little  effect  on 
the  actual  SNR  if  the  LO-ASE  noise  dominates. 

2.3.3  Signal-to-Interchannel-Interference  Ratio  (SIR)  and 
Dynamic  Range  (DR) 

For  a  large  multichannel  system,  one  must  consider  the  bandwidth  and  minimum 
channel  spacing  required  to  accommodate  the  desired  number  of  delays  while  keeping 
the  interchannel  interference  at  an  acceptably  low  level.  If  balanced  coherent  receivers 
are  used,  interference  from  all  other  channels  degrades  the  signal  of  the  primary 
channel  only  through  the  effect  of  excess  shot  noise  and  the  LO-undesired  channel 
interference[14].  We  have  considered  the  excess  shot  noise  in  Eq.  2.6.  Here  the  SIR  is 
defined  as  the  ratio  of  the  power  received  in  the  primary  signal  channel  (Pa-final)  to 
the  total  LO/undesired  channel  interference  power  (Pint- final)  at  the  output.  That 
is: 

SIR  =  (2.10) 

Pint— final 

Following  Glance,  et  al  [15],  there  are  two  schemes  which  avoid  excessive  inter¬ 
ference  in  the  IF  domain.  In  both  schemes,  optical  channels  are  equally  spaced  in 
optical  frequency  domain.  In  one  scheme,  the  LO  frequency  is  positioned  nearest  to 
the  primary  channel  as  shown  in  Fig.  2.6(a).  We  name  this  the  “NEAR-LO”  scheme. 
In  this  scheme,  a  channel  spacing  of  D  >  2//i?  is  required.  Most  of  the  interference  for 
the  primary  channel.  A;,  comes  from  the  nearest  neighbor  channel,  k  —  1.  Increasing 
D  will  decrease  the  interference.  Alternatively,  the  LO  frequency  can  be  positioned 
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Figure  2.6  Illustration  of  the  channel  placement  for  (a)  If^.i-fLcA^IF’  NEAR  -LO 

scheme,  and  (b)  If^.i-lLol^fiF*  ihe  FAR-LO  scheme. 

Here,  f^,|  and  f^  are  the  central  optical  frequencies  of  channel  n-1  and  n,  I'lq 

frequency  of  LO  laser,  f|F=lfn-fLol  'S  the  intermediate  frequency,  and  Bg  is  the 

optical  channel  spacing.  The  second  configuration  can  save  some  channel  spacing 
for  a  high  fjp  and  a  comparatively  narrow  signal  bandwidth. 
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nearest  to  one  of  the  adjacent  channels  (Fig.  2.6(b)).  When  a  high  IF  frequency 
and  comparatively  narrow  signal  bandwidth  are  required,  as  is  the  ca.se  for  the  AM 
modulation- demodulation,  or  a  small  modulation  index  for  FM  and  PM,  Fig.  2.6(b) 
only  requires  an  optical  channel  spacing  which  is  comparable  to  //f,  while  keeping  the 
interchannel  interference  at  an  acceptably  low  level.  For  Fig.  2.6(b),  the  interchannel 
interference  mainly  comes  from  channels  A:  —  1  and  k  —  2.  In  this  scheme  (called  the 
“FAR-LO”  scheme),  for  a  fixed  //f,  the  interference  is  minimum  ai  D  = 
where  the  channels  are  also  equally  spaced  in  the  IF  domain.  In  Sec.  2.4  and  2.5,  we 
will  estimate  the  SIR  for  both  the  NEAR-LO  and  FAR-LO  schemes  and  make  some 
comparisons.  Given  the  optical  channel  spacing  required  to  get  a  small  SIR  and  the 
tuning  range  available  to  LO  lasers,  we  will  calculate  the  number  of  optical  channels 
that  can  be  accommodated  in  each  case. 


The  dynamic  range  of  the  microwave-optic  link  is  defined  as  the  ratio  of  the 
maximum  input  RF  power  (Pmax)  to  the  minimum  input  RF  power  (Pmm)-  Here, 
Pmin  is  the  RF  power  that  results  in  S/N=l  at  the  output,  and  Pmax  is  the  power 
when  the  nonlinear  distortion  power  equals  the  noise  power.  Hence[12]: 


PR  =  10  log 


tn— max 


P.„- 


tn— mm 


(2.11) 
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2.4  Analog  AM  Antenna  Links 


2.4.1  SNR  performance  of  AM  links 


Wideband  filter-rectifier-narrow-band  filter  (WIRNA)  processing  has  been  suggested[12] 
as  an  efficient  and  laser-phase-noise-insensitive  means  to  receive  analog  AM  signals. 

A  block  diagram  of  a  typical  WIRNA  receiver  is  shown  in  Fig.  2.7.  Here,  a  wide 
bandpass  filter  is  used  to  pass  the  IF  signal.  This  is  followed  by  a  square  law  detector 
and  a  narrow  band  filter  to  demodulate  the  signal.  For  the  antenna  systems  in  Fig. 
2.1  and  2.3,  the  IF  current,  is  given  by: 


i/F(0  =  [C0s(a;/Ft  +  <i>phase{t)  +  Tnx{t))  —  s\n{u}jFi  +  <f>phase{i))]  +  ^•(O  + 

V2 

(2.12) 

with  A5(t)  =  2R\/P,Plo  •  Also,  P,  is  the  optical  signal  power  of  one  channel  and 
Plo  is  the  LO  power.  Here,  m  is  the  modulation  index  and  x{t)  is  the  normalized 
modulation  signal.  The  Mach-Zehnder  modulated  signal  is  an  AM  modulated  signal 
in  the  sense  that  when  the  IF  current  is  squared,  the  signal  term  can  be  obtained  by 
a  low  pass  filter.  This  is  evident  by  taking  the  square  of  Eq.  2.12  while  neglecting  all 
of  the  noise  terms. 


Assume  that  the  interference  noise,  is  negligible  and  mx{t)  ^  1,  then  Eq. 

(2.12)  becomes: 


^  [cos(a;/irt  -|-  (l>pha,e{t))  -  (1+  mx{t))  sin(a;/jrt  -|-  ^phci,e{t))]  +  n{t).  (2.13) 

Most  of  the  signal  power  is  concentrated  around  fip  i  fm-  For  a  laser  linewidth  of 
Au  =  0,  more  than  95%  of  the  signal  power  falls  within  fip  ±  (fm  +  2/t).  Hence, 
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a  rectangular  IF  filter  which  covers  this  frequency  range  in  a  WIRNA  receiver  is 
desirable.  With  a  non-zero  laser  linewidth,  the  signal  spectrum  is  widened  and  the 
filter  needs  to  be  approximately  12.7 At/  wider  to  accommodate  more  than  95%  of  the 
signal  energy{17].  The  IF  bandwidth  is  therefore  given  by: 


Bjf  =  2/m  +  4/t  -b  12.7Ai/. 


(2.14) 


The  second  filter  should  be  centered  at  /m  with  a  bandwidth  of  several  l/r  to  obtain 
the  final  output.  For  convenience  of  analysis,  an  ideal  rectangular  bandpass  filter  is 
assumed.  The  transfer  function  of  the  two  filters  can  thus  be  expressed  as: 


HifU)  =  I 


1 

0 


1/  -  IifI  <  /m  +  2/t  +  6.4Ai/ 
otherwise. 


(2.15) 


H2{f)  = 


1 

0 


\f-fm\<2/T 

otherwise. 


(2.16) 


The  impulse  response  of  the  two  filters,  hiF{t)  and  /i2(0>  calculated  through 

the  Fourier  transform  of  Hirif)  and  if2(/)*  This  leads  to  the  following  expression 
for  the  output  power  after  the  square  law  device  and  narrow  band  filter[12]: 


Pout  —  Psig  +  Psd  +  Psn  +  P an  +  PRIN.ad 
=  -f  (r277i^  4"  r3)Aj 

(T^m^  -f  Ts)AlSnif)  +  VeSlif)  -b  riA^(10^  +  10^))R.  (2.17) 

The  first  term  is  the  signal  power,  and  the  remaining  terms  are  noise  contributions. 
The  r  parameters  depend  on  Bjp  and  B,  with  Fa  also  depending  on  fiF-  The  term 
P,d  is  due  to  phase  noise,  is  the  beat  of  the  signal  and  the  additive  noise,  and  Pnn 
is  the  squared  additive  noise.  Also,  PRw,ad  is  the  noise  term  induced  by  the  laser  RIN 
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in  the  LO-desired  channel  cross  term,  and  cannot  be  canceled  by  a  balanced  receiver. 
The  two  terms  in  P,d  and  are  due  to  the  received  signal  having  both  a  carrier  and 
message  term.  Laser  phase  noise  causes  the  signal  spectrum  to  be  broadened,  and  it 
degrades  the  SNR  in  two  ways.  First,  since  the  IF  signal  spectrum  is  broadened,  when 
the  signal  passes  the  IF  filter,  some  of  the  signal  spectrum  is  cut  off.  Thus,  it  causes 
phase-noise-to-intensity-noise  conversion.  Second,  the  spectrum  of  the  square  of  the 
IF  current  in  Eq.  2.13  has  a  carrier  component  at  2fiF,  which  is  also  broadened 
by  the  laser  phase  noise.  If  fjp  is  finite,  some  power  of  this  term  falls  within  the 
bandwidth,  B,  and  degrades  the  signal. 


For  a  reasonable  optical  power,  is  always  much  larger  than  P„n.  Thus,  if  the 
laser  linewidth  is  very  narrow,  the  RIN  is  very  small  (-140dB/Hz),  and  mx{t)  1. 
The  expression  for  the  SNR  then  simplifies  to; 


SNR  = 


iVim^R^PLoPsGtot 

TsSnif) 


(2.18) 


Usually  the  LO-ASE  noise  is  the  most  significant  noise  in  source  S'„(/).  Thus,  Eq. 

2.18  further  simplifies  to: 

(2.19) 

where  Vs  is  proportional  to  B.  If  Au  is  not  too  large,  and  if  the  IF  frequency  is 
much  larger  than  the  microwave  signal  frequency,  then  the  signal  distortion  due  to 
the  laser  phase  noise  is  very  low.  As  both  theoretical  and  experimental  results  have 
shown[12],[16],  this  scheme  is  basically  linewidth  insensitive.  The  demodulated  mi¬ 
crowave  signal  can  therefore  maintain  the  spectral  purity  of  the  original  signal.  Thus, 
for  systems  using  lasers  with  low  RIN,  narrow  linewidth,  and  high  LO  power,  Eq. 

2.19  can  be  used  to  calculate  the  SNR  for  one  optical  channel. 


Figure  2.8  is  a  plot  of  SNR  vs.  P,  for  one  channel  in  the  128  x  320  example 
system  of  Sec.  2.2.  For  a  1  GHz  signal,  the  laser  phase  noise  (Ai/  ^  0)  degrades 
the  signal  more  for  a  low  IF  (2  GHz)  than  for  a  high  IF  (9  GHz)  due  to  the  reasons 
discussed  above.  The  SNR  is  5  to  10  dB  lower  for  fiF~^  GHz  than  at  9  GHz.  It  is 
shown  that  for  Lv  =  10  MHz,  with  a  high  IF  and  a  wide  IF  bandpass  filter,  and  for 

<  PiOi  the  main  noise  source  is  the  LO-ASE  noise,  and  the  SNR  increases  with 
P,.  As  Pg  approaches  P^Oj  the  increase  of  SNR  with  P,  saturates.  The  saturation 
is  due  to  the  dominance  of  shot  noise  contributed  by  the  total  optical  signal  power 
of  all  the  channels,  as  indicated  in  Eq.  2.6.  Further  increase  in  the  optical  signal 
power  above  P^o  will  therefore  not  improve  the  SNR  performance.  As  the  laser 
linewidth  increases,  more  of  the  signal  power  spectrum  is  cut  off  by  the  IF  bandpass 
filter,  causing  the  phase-noise-to-intensity-noise  conversion,  which  in  turn  decreases 
the  SNR.  Nevertheless,  from  the  calculations  we  see  that  if  P,  is  not  excessively  large 
(i.e.  <  5  dBm),  this  effect  is  small.  From  Fig.  2.8,  we  see  that  for  m  =  0.1,  Ai/  <  10 
MHz,  P,  =  0  dBm  ,  fiF  =  9  GHz,  Bif  =  3  GHz,  B=  1  MHz  then  SNR  =  46  dB. 
Thus,  in  order  to  get  a  high  SNR,  then  a  high  IF,  small  At/  and  high  signal  power 
are  required. 

As  the  noise  is  mainly  due  to  the  LO-ASE  noise,  putting  an  optical  filter  after 
each  first  stage  optical  amplifier  significantly  reduces  the  ASE  noise  of  the  adjacent 
channels.  For  our  example  system,  the  SNR  of  one  channel  can  be  increased  by  10 
dB  using  such  filter  techniques. 
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Optical  signal  power  (dBm) 

Figure  2.8  Signal-to-noise  (SNR)  versus  signal  power  of 
one  channel  of  AM  links  for  dBm,  B=1  Mz, 

f  =1  GHz,  R=0.6  AAV,  m=0.1. 


2.4.2  SIR  and  the  Channel  Spacing 


To  calculate  the  interchannel  interference,  we  simplify  the  problem  by  considering  the 
contribution  from  neighboring  channels  whose  signal  spectrum  is  noise-free,  i.e.  we 
assume  SNR  1.  From  Eq.  2.13,  the  spectrum  of  one  channel  of  the  AM  IF  signal 
without  noise  is  given  by: 

CamU)  =  A,  S{f  -  fip)  -1-  ^rnC{f  -  M  (2.20) 

where  C(f)  is  the  spectral  coefficient  of  the  radar  signal  given  in  Eq.  2.2.  Equation 
2.12  shows  that  the  IF  current  has  an  interference  term.  After  being  filtered  and 
squared,  there  are  two  terms  from  interference:  one  is  the  beat  between  the  signal 
and  the  interference,  the  other  is  the  square  term  of  the  interference.  In  the  limit  of 
small  interference,  the  first  term  is  always  much  larger  than  the  second.  Thus  the 
interference  power  can  be  calculated  as: 

fln.  =  /  {l»(/)*p(/)J  *  [int{f)H,F{f)]  ■  df  (2.21) 

where  s{f)  and  int(f)  are  the  spectra  of  the  signal  and  interference  currents  at  the 
IF  stage,  respectively,  and  *  denotes  the  convolution  operation. 

Figure  2.9  shows  the  SIR  for  the  AM  scheme  where  the  channel  bandwidth  ac¬ 
commodates  more  than  95%  of  the  signal  energy.  Usually  for  /^t  >>  1,  Bjf  is 
slightly  larger  than  2fm-  For  the  NEAR-LO  scheme  shown  in  Fig.  2.6(a)  and  2.9(a), 
the  calculations  indicate  that  when  the  channel  spacing  (D)  is  slightly  more  than 
2fiF  +  2/m,  then  SIR  >  60  dB.  For  the  FAR-LO  scheme  in  Fig.  2.6(b)  and  2.9(b), 
SIR  >  60dB  when  £>  is  in  a  small  range  from  fjF  +  /m  to  2 fiF  —  "^fm,  and  the  SIR  is 
at  maximum  when  D  =  ^/ifI^-  For  both  schemes,  a  smaller  fiF  leads  to  a  smaller 
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SIR  (dB)  SIR  (dB) 


Channel  Spacing  (GHz) 

Figure  2.9:  Signal-to-interchannel-interferencc  ratio  (SIR) 
vs.  channel  spacing  for  (a)  the  NEAR-LO  scheme,  and 
(b)  the  FAR-LO  scheme  of  Fig.  2.6  for  a  1  GHz  signal. 
The  SIR  is  insensitive  to  the  modulation  index  and  optical 
power,  because  an  ideal  balanced  receiver  is  assumed, 
more  channels  would  have  little  effect  on  this  result. 
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D  and  SIR.  For  multichannel  systems,  on  one  hand,  we  want  D  small  so  that  for 
a  given  frequency  tuning  range,  more  channels  can  be  used;  on  the  other  hand,  we 
want  to  keep  both  SIR  and  SNR  large  to  get  a  high  quality  signal,  and  this  requires 
a  large  fjp  and  D.  Since  the  SIR  is  very  high  for  this  system,  the  SNR  and  channel 
spacing  are  the  main  concerns  in  choosing  a  proper  fip-  To  get  a  high  SNR,  a  large 
fiF  is  required,  and  the  FAR-LO  scheme  can  be  used  to  reduce  channel  spacing.  For 
fiF  =  9/to  using  the  FAR-LO  scheme  and  a  channel  spacing  of  ~  12/to,  the  SIR  can 
be  as  high  as  70  dB.  These  calculations  are  independent  of  the  modulation  depth, 
optical  power,  or  RF  power.  When  the  SNR  changes  as  the  optical  power  or  mod¬ 
ulation  index  changes,  the  SIR  does  not  change.  Hence,  for  proper  channel  spacing, 
interchannel  interference  does  little  to  degrade  the  system  performance. 


2.4.3  Dynamic  range  of  the  AM  links 


From  the  results  of  Sec.  2.4.2,  we  know  that  the  interchannel  interference  can  al¬ 
ways  be  kept  very  low  while  the  microwave  signal  power  or  the  optical  signal  power 
changes,  and  thus  it  has  little  effect  on  the  dynamic  range.  Taking  the  third  order 
intermodulation  distortion  as  the  limit  for  channel  linearity,  the  dynamic  range  of 
AM  links  is  calculated  using[12]: 


DR  =  lOlog 


TiA* 


) 


FsA^  TsA^SM  +  TeS„{fy  -h  -H 

(2.22) 


Figure  2.10  shows  the  calculated  DR  for  different  laser  linewidths,  Av,  and  dif¬ 
ferent  IF  frequencies.  It  is  found  that  within  a  reasonable  signal  power  range,  if  Au 
is  not  too  large  (i.e.  <  10  MHz),  and  the  fjp  is  high  (e.g.  9  GHz),  the  laser  phase 
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Figure  2.10:  Dynamic  range  (DR)  of  AM  links. 

The  DR  is  limited  by  the  noise  floor  and  the 
third  order  intermodulation  distrotion. 
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noise  does  not  affect  the  DR  performance.  When  the  signal  power  of  one  channel  at 
the  transmitter  is  only  —5  dBm,  the  dynamic  range  is  around  50  dB  for  a  1  MHz 
bandwidth,  which  corresponds  to  110  dB/Hz.  These  values  suggest  reasonably  good 
DR  performance. 

The  above  calculations  assume  that  the  RIN  of  lasers  is  very  small  (<  —140 
dB/Hz).  Figure  2.11  shows  the  effect  of  RIN  on  the  dynamic  range  of  an  AM-WIRNA 
receiver.  We  see  that  the  system  performance  is  reasonably  insensitive  to  the  RIN 
for  most  practically  achievable  laser  noise  levels[18].  For  example,  when  Plo=  10 
dBm,  the  DR  is  flat  up  to  RIN  =  —130  dB/Hz  for  P,  =  0  dBm,  and  it  is  flat  up  to 
RIN  =  -120  dB/Hz  for  P,  =  -10  dBm. 

The  above  calculations  also  assume  a  narrow  passband  of  the  final  filter.  In  an 
actual  system,  the  received  signal  is  down-shifted  in  frequency  by  mixing  with  a  local 
oscillator  prior  to  the  narrow  bandpass  filter.  Since  mixing  with  a  pure  local  oscillator 
signal  results  in  a  simple  frequency  transfer  of  the  signal  and  noise  spectra,  the  noise 
effect  on  the  optical  links  remains  the  same  as  obtained  above,  as  well  as  for  the  FM 
and  PM  schemes  described  in  the  following  section. 

The  calculations  of  this  section  show  that  for  one  channel  in  a  “128  x  320”  example 
system,  the  optical  AM  scheme  achieves  a  high  SIR  =  70  dB,  and  DR  =  50  dB  for 
a  1  MHz  signal  bandwidth.  Furthermore,  a  channel  spacing  of  12 fm  is  sufficient  (for 
fjF  =  9/m)  if  the  laser  linewidth  and  1/r  is  much  smaller  than  fm,  which  is  usually 
true.  Given  that  1  A=  12  GHz,  a  10  nm  laser  tuning  range  can  easily  accommodate 
100  optical  channels  for  a  1  GHz  microwave  signal. 
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DR  (dB) 


Relative  Intensity  Noise  (dB/Hz) 


Figure  2.1 1:  Relative  -intensity-noise  (RIN)  effect  on  the  DR 
of  AM  links  for  B=  1  MHz,  IF  =  9  GHz,  P=  10  dBm  for  LO 
and  laser  linewidth  of  10  MHz.  Both  the  transmitter  and  LO 
lasers  are  assumed  to  have  the  same  RIN  value. 
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2.5  FM  and  PM  Phase  Delay  Schemes 

2.5.1  SNR  of  the  FM  Scheme 

Figure  2.12  is  a  schematic  diagram  for  a  typical  optical  FM  demodulation  receiver[12]. 
After  the  heterodyne  photodetection,  a  rectangular  bandpass  filter  {Bjf)  is  used  to 
pass  most  of  the  power  of  the  selected  channel  while  reducing  interference  from  all 
other  channels.  The  signal  is  then  demodulated  by  a  electronic  differentiator  and 
envelope  detector,  and  then  passes  a  second  bandpass  filter  similar  to  that  used  in 
AM  schemes  to  obtain  a  noise-  reduced  output  signal.  Carson’s  Law  [5]  states  that 
to  pass  nearly  98%  of  the  signal  power,  Bip  must  be; 

Bjf  =  2(^  -f  l)Be,  (2.23) 

where  Be  is  equal  to  the  high  frequency  cutoff  of  the  final  pass  band  of  Eq.  2.16,  and 
/?  is  the  modulation  index.  If  rU  1,  Sc  is  approximately  equal  to  u  ■  We  now 
define  A/  as  the  maximum  instantaneous  optical  frequency  deviation: 

A/  =  /3Be  =  Pfm.  (2.24) 

Once  again  we  use  Ref.  [12]  as  the  starting  point  for  analyzing  FM  link  perfor¬ 
mance.  For  our  architecture,  the  power  spectral  density  (PSD)  around  fm  caused  by 
the  additive  noise  after  the  discriminator  is: 

Sn  =  •S'„(/)(27r/„,TD)^  (2.25) 

where  td  is  the  time  constant  of  the  differentiator.  The  PSD  of  the  noise  current 
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Figure  2.12:  The  schematic  diagram  of  optical  FM  links.  Here,  d/dt  is  the  microwave 
differentiator,  ENv  is  the  envelope  detector  and  LPF  is  the  low  pass  filter. 


around  fm  caused  by  phase  noise  is  then: 


Sphase  =  iirrlR^PsOtotPLO^v.  (2.26) 


Here,  the  phase  noise  of  lasers  becomes  white  noise  in  the  microwave  frequency  domain 
after  signal  demodulation.  Thus  the  demodulated  signal  can  still  have  a  linewidth 
equal  to  that  of  the  original  microwave  signal. 


From  Eqs.  2.25  and  2.26,  the  SNR  for  FM  systems  is: 


SNR  = 


2Tr^Ap  R^P,GtotPLO 
B  [5„(27r/,„)2  +  ^xR^P.GtotPLoAv] ' 


(2.27) 


Usually  the  LO-ASE  beat  noise  is  the  most  significant  contribution  to  Sn(f),  in 
which  case  the  above  formula  can  be  simply  expressed  as: 


SNR-^  = 


B 


API  P. 


^huFfl  2Av 


(2.28) 


It  is  shown  in  Eqs.  2.27  and  2.28  that  when  the  product  of  the  signal  power  and  the 
laser  linewidth  is  large,  the  phase  noise  is  the  most  significant  noise  source.  Otherwise 
the  post-detector  white  noise,  especially  the  LO-ASE  noise,  is  dominant.  Figure  2.13 
shows  the  calculations  of  SNR  for  one  channel  in  the  example  system  of  Table  2.1. 
Fig.  2.13(a)  shows  SNR  versus  the  signal  power  for  different  laser  linewidths.  For 
Pg  =  —10  dBm,  the  white  noise  dominates  when  the  laser  linewidth  is  below  100 
kHz.  When  Au  >  IMHz,  phase  noise  tends  to  dominate.  It  is  also  clear  from  Fig. 
2.13(a)  that  when  the  optical  signal  power  is  large,  the  laser  phase  noise  limits  the 
highest  SNR  that  one  channel  can  achieve.  Further  increasing  signal  power  beyond 
a  certain  point  will  not  improve  the  system  SNR  performance.  With  the  optical  link 
parameters  given  in  Table  2.1  and  Av=  1  MHz,  a  final  passband  of  1  MHz,  a  signal 
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Maximum  Frequency  Deviation  (GHz) 


Figure  2.13;  Signal-to-noise  ratio  (SNR)  of  FM  schemes 
for  different  laser  linewidths  for  a  1  MHz  bandwidth 

(a)  SNR  versus  the  optical  signal  power  and 

(b)  SNR  versus  the  maximum  frequency  deviation. 


power  of  -10  dBm,  a  LO  power  of  10  dBm,  and  A/  =  2GHz,  we  obtain  SNR  =  64  dB, 
which  is  124  dB/Hz.  This  is  significantly  higher  than  can  be  obtained  using  the  AM 
scheme  for  the  same  input  optical  power.  Figure  2.13(b)  shows  the  SNR  versus  the 
maximum  frequency  deviation(  A/).  We  see  that  increasing  the  maximum  frequency 
deviation  by  one  order  of  magnitude  increases  the  SNR  by  20  dB  since  SNR  oc  A/* 
in  Eqs.  2.27  and  2.28. 


2.5.2  SIR  and  channel  spacing  for  FM  links 


Most  of  the  signal  power  in  the  IF  current  lies  around  for  k  =  0,  1,2...,  and 

the  interference  power  lies  around  \fo,adj  —  fLol^kfm-  Here,  fo,adj  is  the  central  optical 
frequency  of  the  interference  channel  and  Jlo  is  the  LO  frequency.  Following  Ref. 
[5],  the  most  significant  interference  {Pint-iF  )  comes  from  the  spectral  components 
that  are  around  fiF  ±  /m  •  The  SIR  can  be  expressed  as: 


SIRfm  = 


M^P,-if 

f^Pint-IF 


I3^Ps-IF 
Pint- IF 


(2.29) 


where  the  Ps-if  is  the  signal  power  at  the  IF  stage.  Figures  2.14(a)  and  2.14(b)  show 
the  SIR  vs.  channel  spacing  for  both  kinds  of  channel  arrangements  illustrated  in 
Fig.  2.6.  For  the  NEAR-LO  scheme  in  Fig.  2.6(a)  where  |/„_i  —  /lo|  >  l/n  —  /lo|> 
a  high  SIR  can  be  achieved  for  FM  schemes.  For  example,  for  /3  =  2,//f  =  9/m 
and  Ba  =  25/m  ,  then  SIR  =  64  dB.  The  channel  spacing,  however,  should  be  > 
2(/3  -f  l)/m  +  2//J!',  which  is  larger  than  that  required  for  AM  transmission.  A  smaller 
fiF  leads  to  a  smaller  channel  spacing,  although  //f  should  be  greater  than  (/?-i-  l)/m 
in  order  to  have  a  sufficiently  wide  IF  passband  to  pass  most  of  the  signal  power. 
Generally  speaking,  for  FM,  if  a  large  modulation  index  is  used,  we  employ  the 
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Figure  2.14:  Signal-to-interchanncl-interferencc  (SIR)  vs. 
spacing  of  (a)  the  NEAR-LO  FM  scheme  (b)  the  FAR-LO  FM 
scheme  for  a  1  GHa  signal. 
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NEAR-LO  scheme. 


For  the  FAR-LO  scheme  in  Fig.  2.6(b),  then  |/„_i  -  /lo|  >  |/n  -  hoi  Assuming 
P  =  2  and  fjp  =  10  GHz,  the  SIR  is  around  57  dB  when  the  channel  spacing  is 
between  13/m  and  14/m.  As  illustrated  in  Fig.  2.6(b),  the  FAR-LO  scheme  is  only 
suitable  for  narrow  channel  bandwidths,  i.e.  for  a  small  modulation  index,  or  a  small 
A/.  The  demodulation  of  the  FM  signal  requires  envelop  detection  at  the  last  step(see 
Fig.  2.12).  Thus  a  large  fip  is  desirable  to  obtain  a  high  quality  signal.  Under  this 
situation  (high  fiF  and  low  yS),  the  FAR-LO  scheme  is  preferred  because  it  uses  a 
smaller  channel  spacing.  Due  to  the  large  total  bandwidths,  a  100  A.  laser  tuning 
range  is  needed  to  accommodate  100  channels. 


2.5.3  Dynamic  range  of  FM  systems 

To  obtain  a  high  SNR  and  a  small  distortion  of  the  demodulated  signal,  a  large  linear 
frequency  response  range  of  the  laser  to  the  modulation  current  or  voltage  is  desirable. 
The  SNR  calculations  also  show  the  DR  for  the  corresponding  largest  linear  frequency 
response.  For  example.  Fig.  2.13  shows  that  with  parameters  of  the  128  x  320  system 
given  in  Table  2.1,  a  laser  linewidth  of  Ai/  =  1  MHz,  a  signal  bandwidth  of  1  MHz,  an 
optical  signal  power  of  -10  dBm  per  channel,  and  a  maximum  linear  optical  frequency 
deviation  of  2  GHz,  the  SNR  =  64  dB,  and  the  DR  of  a  single  channel  is  also  64  dB. 
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2.5.4  The  PM  scheme 


There  are  two  ways  of  using  optical  phase  modulation  to  transmit  the  radar  signal 
(see  Fig.  2.15).  Here,  the  block  diagram  of  the  “optical  FM  receiver”  represents 
the  schematic  diagram  shown  in  Fig.  2.12.  ^Ve  see  that  the  difference  between  Figs. 
2.15(a)  and  2.15(b)  is  that  the  RF  integrator  is  placed  either  before  phase  modulating 
the  light  or  after  the  optical  FM  receiver.  If  the  RF  integrator  is  placed  before  phase 
modulation,  the  integrated  radar  signal  is  still  a  pulsed  oscillation  of  the  original 
frequency  with  a  phase  change,  which  is  similar  to  the  integration  of  a  sinusoidal 
signal.  Thus,  for  the  cases  in  Fig.  2.15,  the  phase  modulation  spectrum  is  similar  to 
that  for  FM  modulation.  For  the  scheme  of  Fig.  2.15(a),  the  performance  evaluation 
is  almost  the  same  as  the  FM  scheme  discussed  above.  For  the  scheme  of  Fig.  2.15(b), 
the  laser  phase  noise  directly  affects  the  final  signal,  which  might  degrade  the  signal 
somewhat  more  severely. 

In  both  FM  and  PM,  there  are  two  main  noise  sources:  LO-ASE  noise  and  laser 
phase  noise.  Reducing  the  laser  phase  noise  or  increasing  the  maximum  optical  fre¬ 
quency  deviation  can  increase  the  SNR  or  DR  of  the  system.  For  a  small  modulation 
index,  the  FAR-LO  scheme  in  Fig.  2.6(a)  can  give  a  much  narrower  channel  spacing 
while  keeping  the  SIR  high.  For  the  case  of  a  large  modulation  index,  the  NEAR-LO 
scheme  has  to  be  used  and  a  much  larger  channel  spacing  is  needed.  For  a  1  GHz 
radar  signal,  100  channels  can  be  accommodated  by  lasers  with  a  tuning  range  of  100 
A.  One  channel  can  achieve  a  60  dB  dynamic  range  for  a  1  MHz  signal  bandwidth, 
even  with  a  small  modulation  index. 
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optical  phase  optical  FM  RF  integrator 
modulator  receiver 


(a) 


optical  phase  optical  FM 

modulator  receiver 


(b) 


Figure  2.15:  Schematic  diagram  for  optical  PM  receivers.  Here,  the  optical 
FM  receiver  stands  for  the  block  diagram  "receiver"  in  Fig.  2.12. 


70 


2.6  System  Comparisons 


We  now  compare  the  coherent  system  and  a  typical  archetype  IM/DD  system.  The 
most  important  advantage  of  the  coherent  optically  controlled  phased  array  antenna 
described  here  is  that  it  is  readily  expandable  to  a  large  number  of  elements.  The 
basic  system  can  easily  accommodate  10^  channels  in  a  single  fiber,  and  feed  any  com¬ 
bination  of  the  10^  true-time  delays  to  10^  antenna  array  elements  by  using  only  10* 
optical  transmitters  and  coherent  receivers.  In  contrast,  a  generic  IM/DD  system[19] 
typically  requires  10“*  lasers  and  lO"*  fibers  of  precisely  determined  lengths.  If  the 
transmitter  lasers  are  far  away  from  the  antenna  elements,  the  IM/DD  system  re¬ 
quires  an  additional  10*  long  transmission  fibers  to  be  cut  precisely  to  within  0.1  mm 
and  maintained  in  the  same  configuration  so  that  the  total  optical  path  of  the  several 
transmission  fibers'  are  equal.  For  both  the  antenna  transmitter  and  receiver,  the 
numbers  of  lasers,  optical  receivers  and  precisely  cut  fibers  of  the  coherent  system  are 
far  less  than  that  required  for  an  IM/DD  system.  In  addition,  the  receiver  sensitivity, 
direction  sweep  rate,  SNR  and  DR  of  the  coherent  scheme  is  often  better  than  or 
comparable  to  IM/DD  systems. 

In  recent  years,  there  have  been  substantial  improvements  in  coherent  detection 
techniques[20].  For  example,  there  have  been  several  proposals  and  demonstrations 
of  frequency  stabilization  schemes[21][22].  External  cavity  lasers  with  gratings  can 
have  several  thousands  of  GHz  tuning  range  with  laser  linewidths  below  1  MHz  [4]. 
Polarization  diversity  methods  can  also  be  used  to  maintain  polarization  control[23]. 
Thus,  although  one  coherent  link  is  more  complex  than  an  IM/DD  link  because  of  the 
difficulties  inherent  in  frequency  stabilization  of  the  transmitter  lasers,  wide  tuning 
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range  of  the  local  lasers  and  polarization  control,  for  a  large  scale  antenna  system 
such  as  those  currently  under  consideration,  the  coherent  approach  is  more  readily 
adaptable  to  large  scale  arrays. 

An  alternative  architecture  is  based  on  wavelength-division-multiplexing,  direct- 
detection  (WDM/DD)  systems.  The  transmitter  and  receiver  structures  described  in 
Sec.  2.2  of  this  chapter  are  also  suitable  for  a  WDM/DD  system  by  using  tunable 
optical  receivers  (e.g.,  tunable  optical  filters  plus  direct  detection  receivers)  instead 
of  coherent  receivers.  There  has  been  a  report  of  a  10^  channel  WDM  system  using 
tunable  optical  receivers  [21].  Coherent  systems  have  an  inherent  advantage  over 
the  WDM  systems:  due  to  the  sharp  passband  shape  of  the  IF  bandpass  filter  in 
the  microwave  frequency  range,  a  coherent  system  usually  has  very  low  interchannel 
interference.  For  WDM  systems,  the  passbands  of  tunable  optical  filters  usually  are 
periodic  (the  filter  is  typically  interferometric)  and  the  corresponding  multichannel 
system  therefore  has  much  larger  interchannel  interference.  This  results  in  reduced 
SNR  and  DR  than  that  of  a  coherent  system.  For  digital  signal  transmission,  the 
interference  of  a  WDM  system  might  be  tolerable,  whereas  for  analog  systems  such 
as  that  employed  for  radar  and  CATV  signal  detection,  where  a  very  high  SNR  and 
dynamic  range  is  required,  this  causes  severe  problems.  In  comparing  other  param¬ 
eters  such  as  receiver  sensitivity,  minimum  channel  spacing  and  switching  speed,  a 
coherent  system  also  has  superior  performance  than  WDM  systems.  Furthermore, 
although  a  WDM  system  does  not  necessarily  require  polarization  control  and  the 
modulation/demodulation  methods  are  much  simpler,  a  wide  range  tunable  optical 
filter  switchable  for  delay  transmission  is  still  difficult  to  fabricate[21]. 
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We  summarize  the  comparisons  between  typical  coherent,  IM/DD  and  WDM/DD 
systems  in  Table  2.2.  From  most  of  the  comparison  categories  in  Table  2.2  ,  the  co¬ 
herent  architecture  appears  to  be  very  promising  for  large  scale  phased  array  antenna 
systems. 


2.7  Conclusion 

Table  2.3  summarizes  some  of  the  calculation  results  concerning  the  128  x  320  example 
system.  Generally,  all  three  schemes  can  provide  good  system  performance  such  as 
high  SIR,  SNR  and  DR.  The  AM  technique  requires  the  smallest  channel  spacing  and 
is  relatively  insensitive  to  the  laser  phase  noise.  FM  and  PM  can  provide  a  higher  DR 
by  using  a  larger  modulation  index,  although  a  larger  channel  spacing  is  required. 

As  shown  in  Secs.  2.4  and  2.5,  the  AM-WIRNA  receiver  is  relatively  laser-phase- 
noise-insensitive;  and  for  FM  receivers,  the  laser  phase  noise  becomes  white  noise  at 
the  output.  Thus,  the  output  microwave  signal  maintains  its  original  linewidth  in  the 
frequency  domain.  This  is  a  crucial  characteristic  to  ensure  that  the  coherent  system 
can  be  used  for  application  of  the  Doppler  effect  to  radar  systems,  where  the  receiver 
should  be  able  to  detect  very  small  spectral  shifts  of  the  return  signals. 

In  summary,  we  have  analyzed  a  true-time-delay  phased  array  antenna  system 
using  fiber  optic  techniques  with  coherent  detection.  This  system  has  several  ad¬ 
vantages  over  conventional  electronically  steered  systems.  It  has  large  instantaneous 
bandwidth  and  thus  is  “squint  free”.  Due  to  the  gain  control  from  both  the  LO 
lasers  and  the  subsequent  electronic  amplifiers,  it  has  flexibility  for  beam  shaping 
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Table  2.2  Comparisons  of  three  kinds  of  architecture  for 
optically  steered  phased  array  antenna  system 


Table  2.3  Quantitative  Evaluation  for  a  128x320  Example  System 
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and  null  steering.  Both  transmitter  and  receiver  structures  are  discussed.  In  this 
chapter,  comparisons  with  direct  detection  systems  are  made,  and  it  is  shown  that 
the  coherent  system  is  adaptable  for  large  scale  systems.  We  also  propose  a  solution 
for  compensating  fiber  chromatic  dispersion  which  distorts  the  radiation  pattern. 

We  quantitatively  analyzed  a  128x320  model  system  which  uses  a  single  fiber  for 
a  transmission  line.  The  main  noise  sources  for  the  optical  links  are  the  LO-ASE  beat 
noise,  as  well  as  the  laser  phase  noise.  From  the  analysis,  we  see  that  for  a  typical 
radar  signal  and  realistic  optical  system  parameters,  such  a  system  can  obtain  a  high 
SIR  (good  channel  isolation),  a  high  SNR  and  dynamic  range  for  AM,  FM  and  PM 
schemes  which  meet  the  stringent  requirements  of  modern  radar  systems. 
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Chapter  3  First  Experimental  Demonstration  of  A  Coherent  Optically 
Controlled  True-Time  Delay  Phased  Array  System 

In  Chapter  2,  we  analyzed  a  true-time  delay  system  based  on  multi-channel,  optical 
heterodyne  detection  techniques  with  external  modulation,  and  showed  that  such  a 
system  is  readily  expandable  to  large  scale  systems  with  high  dynamic  range  and 
good  channel  isolation  while  keeping  the  optical  channel  spacing  very  small[l].  In 
this  paper,  we  demonstrate  a  proof-of-concept  experiment  of  this  system  using  four 
optical  channels  and  two  coherent  receivers.  This  is  the  first  time  that  an  optical 
multi-channel  system  is  used  for  phased  array  antennas [2-6].  The  system  is  relatively 
insensitive  to  laser  linewidth  and  IF  frequency  instability.  It  shows  good  signal  quality, 
high  dynamic  range,  accurate  true-time  delay  in  the  microwave  bandwidth  range  from 
0.8  to  1.5  GHz.,  We  also  demonstrated  that  the  system  only  need  narrow  optical 
channel  spacing  for  very  low  interchannel  interference.  Direct  as  well  as  external 
modulation  schemes  exhibit  good  signal  quality  for  narrow  bandwidth  signals.  We 
also  analyze  the  effect  of  the  IF  amplifier  phase  response  on  the  system  performance 
and  find  that  it  is  the  main  reason  attributed  to  the  small  phase  instability  of  the 
final  signal. 

3.1  The  system  experiments 

Figure  3.1  shows  a  simple  four  optical  channel,  two  antenna  element  demonstration 
system.  The  four  A  =  1.55/^m  wavelength  DFB  laser  transmitters  (see  Fig.  3.1)  are 
each  thermally  tuned  to  have  a  different  central  optical  frequency.  The  light  from  the 
four  transmitter  lasers  is  amplitude  modulated  (AM)  at  microwave  bandwidths  using 
LiNbOa  Mach-Zehnder  (M-Z)  modulators.  The  modulated  optical  signals  are  then 
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transmitted  through  different  fiber  lengths  prior  to  being  input  to  a  4  x  1  combiner 
composed  of  a  series  of  2  x  1  combiners.  The  signals  then  pass  through  a  single 
transmission  fiber  before  being  routed  to  two  optical  receivers  through  a  series  of 
splitters.  Next,  these  signals  are  separately  mixed  with  two  optical  local  oscillator 
(LO)  signals  at  the  input  of  InGaAs  p>i-n  detectors  with  70%  quantum  efficiency 
at  A  =  1.55//m.  By  tuning  the  LO  DFB  lasers,  each  receiver  is  able  to  detect  and 
demodulate  the  microwave  signal  from  any  of  the  four  transmitter  laser  channels.  The 
laser  frequencies  were  adjusted  by  independent  current  and  temperature  controllers 
with  a  temperature  stability  of  ±0.02°C.  As  shown  in  the  following,  even  with  this 
open-loop  control,  jve  still  obtain  very  stable  signals  and  accurate  true-time  delays. 
Since  the  modulated  signals  arrive  at  the  receivers  through  different  fiber  lengths, 
true-time  delays  are  introduced  among  the  four  channels.  Additional  optical  channels 
can  provide  more  delay  combinations,  while  more  splitting  before  the  optical  receivers 
can  be  used  to  accommodate  additional  antenna  elements. 

The  demodulation  scheme  used  is  a  wideband  filter-rectifier-narrow  band  filter 
structure  (WIRNA,  shown  in  Fig.  3.1  inset)[7],  which  employs  a  square-law  device 
(SLD)  to  demodulate  the  AM  signal.  This  receiver  architecture  is  relatively  insensitive 
to  laser  linewidth,  and  the  dynamic  range  is  comparable  to  that  of  optical  direct 
detection  schemes[l][8].  In  our  experiment,  the  intermediate  frequency  (IF)  passband 
is  from  2  to  8  GHz,  and  the  narrow  band  amplifier  operates  from  0.8  to  1.5  GHz. 
The  SLD  used  was  either  a  frequency  doubler  or  a  FET  mixer,  operated  at  square-law 
regime.  For  optically  coherent  detection,  the  light  polarization  needs  to  be  controlled. 
In  our  experiment,  manual  polarization  rotators  are  used  to  control  the  polarization. 
These  components  did  not  appear  to  significantly  degrade  the  system  performance 
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or  stability.  For  example,  after  a  fine  adjustment  to  bring  the  polarization  of  the  six 
lasers  to  be  aligned,  the  system  performance  keep  unchanged  for  about  a  day. 

Figure  3.2  shows  the  microwave  spectrum  right  after  the  photodection  and  wide¬ 
band  amplification.  We  can  see  that  the  highest  peak  around  4.8  GHz  is  the  IF 
spectrum.  Its  3-dB  spectral  width  is  around  10  MHz,  which  is  the  summation  of  the 
signal  and  the  LO  linewidth,  plus  the  instability  of  the  laser  central  frequencies.  The 
two  peaks  on  the  sides  of  the  IF  frequency  are  the  AM  modulation  side  bands.  Figure 
3.3  shows  the  demodulated  signals  of  one  channel  with  an  IF  of  4.1  GHz  when  the 
externally  modulating  signal  is  varied  between  0.8,  1  and  1.5  GHz.  Here,  the  optical 
signal  power  is  -15.8  dBm,  and  the  LO  power  is  -2.7  dBm  at  the  receiver.  With  the 
modulation  index  set  at  0.24  for  the  8  dBm  microwave  signal,  and  the  receiver  noise 
corresponding  to  an  optical  power  of  50pW/i7z^/^,  the  signal-to-noise  ratio  (SNR)  is 
about  48  dB  for  a  1  MHz  bandwidth.  This  SNR  is  independent  of  frequency  from  0.8 
to  1.5  GHz,  as  seen  in  Fig.  3.3.  Calculations  based  on  a  previous  system  analysis[l] 
give  SNR  =  50  dB  using  the  measured  parameters  at  the  optical  receiver,  which  is 
in  reasonable  agreement  with  the  experimental  results.  The  demodulated  RF  signals 
have  linewidths  of  <  2  MHz,  limited  by  the  resolution  bandwidth  of  the  spectrum 
analyzer.  On  the  other  hand,  the  IF  signal  linewidth  is  tens  of  MHz.  This  clearly  in¬ 
dicates  that  the  system  is  indeed  laser-linewidth  insensitive,  consistent  with  previous 
analytical  and  experimental  results[l][7].  For  shot  noise  limited  receivers,  the  SNR 
should  be  71.2  dB/MHz  with  the  above  optical  powers  and  modulation  index-a  20 
dB  improvement  over  our  results.  The  total  optical  signal  loss  of  the  system  is  about 
20  dB,  with  12  dB  loss  from  the  3  dB  couplers,  and  8  dB  from  the  M-Z  modulators. 
Other  connector  losses  are  negligible.  In  this  experiment,  the  optical  power  loss  and 
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Fig.  3.2  Intermediate  frequency  spectrum  of  optical  heterodyne  detection 
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Figure  3.3  Demod 


the  high  receiver  noise  are  primarily  responsible  for  the  SNR  degradation. 

The  dynamic  range  (DR)  of  the  antenna  feed  is  limited  by  system  noise  and 
third  order  intermodulation  products  from  the  M-Z  modulators,  provided  the  optical 
signal  power  and  LO  power  are  fixed.  A  two-tone  signal  method  was  employed  to 
measure  the  dynamic  range  of  one  channel  with  the  same  optical  parameters  as  in 
Fig.  3.3.  The  experimental  setup  for  DR  measurement  is  show  in  Fig.  3.4.  Here,  two 
closely  spaced  single-frequency  signals  (/i,  /2)  with  the  same  amplitude  are  combined 
together  to  modulate  the  optical  signal.  If  the  third-order  intermodulation  effect 
becomes  large,  there  will  be  frequency  components  of  2/i  —  f2  a^nd  2/2  —  /i  emerging 
at  the  demodulated  signal.  Here,  the  DR  is  52.3  dB  for  a  signal  modulated  from  0.8  to 
1.5  GHz  with  a  1  MHz  bandwidth.  Theoretical  calculations[l]  show  DR  =  54  dB  with 
the  above  system  parameters,  and  68  dB  under  shot  noise  limited  situations.  The 
experimental  dynamic  range  can  be  further  improved  by  increasing  the  optical  signal 
and  LO  power  along  with  the  use  of  shot  noise  limited,  balanced  optical  receivers. 
Also,  highly  linear  modulators  or  direct  laser  modulation  can  be  employed  to  avoid 
third  order  intermodulation  products. 

To  test  the  true-time  delay  performance  of  the  system,  the  microwave  output  of 
an  HP  8703A  network  analyzer  was  connected  to  the  microwave  input  shown  in  Fig. 
3.1.  One  of  the  demodulated  microwave  outputs  from  the  antenna  feed  (Fig.  3.1) 
was  then  connected  to  the  input  of  the  network  analyzer.  .?irst,  the  phase  response 
of  microwave  signal  output  from  different  optical  channels  and/or  different  receivers 
was  measured.  Next,  the  phase  difference  between  two  channels  was  compared  to 
the  theoretical  values.  Figure  3.5  shows  example  measurement  results  using  this 
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procedure.  The  solid  lines  show  the  theoretical  phase  delays  for  the  corresponding 
true-time  delays  of  85,  217,  360  and  555  ps,  and  the  data  points  show  the  test  results 
averaged  over  16  sweeps.  As  shown  in  Fig.  3.5,  the  system  introduces  accurate, 
frequency  independent  true-time  delays  between  different  channels,  indicating  that 
such  a  multichannel  optical  heterodyne  system  can  precisely  control  the  microwave 
phase. 

The  inset  in  Fig.  3.5  shows  the  frequency  fluctuation  as  a  function  of  time  for  1 
GHz  CW  operation.  The  phase  fluctuates  to  within  ±1°  due  to  the  non-linear  phase 
response  of  the  GaAs  IF  amplifiers.  We  will  discuss  this  in  detail  in  the  next  section. 

The  signal-to-interchannel  interference  ratio  (SIR)  determines  the  minimum  chan¬ 
nel  spacing.  Figure  3.6  shows  the  measured  SIR  when  the  four  channels  are  equally 
spaced.  The  signal  power  is  obtained  by  tuning  the  LO  for  channel  2  to  IF  =  4.1 
GHz  (inset,  Fig.  3.6).  The  channel  interference  was  then  measured  by  turning  off 
the  microwave  modulation  on  optical  channel  2.  When  the  channel  spacing  is  <  12 
GHz,  the  beat  between  the  LO  and  channel  3  is  less  than  8  GHz  which  is  within  the 
IF  amplification  bandwidth,  causing  interference  at  the  SLD.  For  a  channel  spacing 
>  13  GHz,  however,  the  beat  signal  between  the  LO  and  channel  3  is  out  of  the  IF 
passband,  resulting  in  a  negligible  interchannel  interference.  Due  to  the  noise  floor, 
we  obtain  an  upper  limit  of  SIR  =  50  dB  with  most  of  the  interference  power  from 
channel  3.  Calculations  indicate  that  for  modulation  between  0.8  and  1.5  GHz  and 
a  laser  linewidth  as  large  as  20  MHz,  2  to  6  GHz  is  a  sufficiently  large  passband  for 
IF  =  4  GHz.  In  this  case  the  channel  spacing  can  be  reduced  to  ~  11  GHz,  without 
introducing  significant  interchannel  interference[l].  The  experimental  results  indicate 
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Figure  3.5  True  time-delay  measurement 
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Figure  3.6  Signal-to-interchannel  interference  ratio  versus 
channel  spacing  for  signals  at  different  frequencies. 


that  the  good  passband  characteristics  of  microwave  amplifiers  and  filters  leads  to 
a  high  SIR  even  for  small  channel  spacing  in  AM  heterodyne  systems.  Theoretical 
investigationsfl]  also  show  that  if  balanced  receivers  are  used,  the  most  significant  in¬ 
terchannel  interference  only  comes  from  the  adjacent  channels  even  for  systems  with 
a  large  number  of  channels. 

Now  let’s  see  one  specific  issue  in  our  experiment. 

3.2  The  Effect  of  the  IF  Amplifier  Phase  Response  on  the  System  Per¬ 
formance 

Our  coherent  optically  controlled  phased  array  antenna  system  is  an  inherently 
true-time  delay  system.  As  analyzed  theoretically  in  Chapter  2,  because  of  the  use  of 
the  square-law  devices,  the  phase  of  the  final  demodulated  signal  should  not  change 
when  the  IF  changes,  and  the  signal  amplitude  and  phase  stability  should  be  as  good 
as  that  of  direct  detection  systems.  But  in  real  experiments,  we  observe  the  following 
two  phenomena:  1)  the  phase  of  the  final  signal  fluctuates  within  one  or  two  degrees; 
2)  as  the  IF  changes,  the  phase  of  the  signal  also  changes.  Through  our  study,  we 
find  that  the  two  non  ideal  phenomena  are  mainly  caused  by  the  nonlinear  phase 
response  of  the  IF  amplifiers.  Therefore,  to  get  accurate  true-time  delays  among 
different  antenna  elements  and  good  signal  stability,  linear  phase  response  is  required 
for  the  IF  amplifiers. 

The  IF  current  of  a  single  frequency  AM  modulated  signal  right  after  the  photo 
detection  can  be  simplified  and  normalized  to  the  following  expressions: 

ijF{t)  =  (1  +  m  sin(a;^t))  sin(a;/i7t) 
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iiF{i)  =  sin(a;/ir<)  +  m  cos((a;/ir  —  ~  m  cos{{ujif  +  uJm)t)  (3.1) 

where  cjjf  is  the  angular  IF,  cVrn  is  the  angular  modulation  frequency,  and  t  is  time. 
If  an  IF  amplifier  is  a  true-time  delay  device  or  has  uniform  phase  response  in  the  IF 
pass  band,  then  its  phase  change  A<j>  as  a  function  of  frequency  /  can  be  expressed 
as: 

=  +  (3.2) 

where  At  is  the  signal  time  delay  introduced  by  the  device,  and  (f>  is  the  extra  phase 
delay.  For  true  time  delay  device,  ^  =  0;  and  for  other  devices  with  uniform  phase  re¬ 
sponse,  (f)  =  non-zero  constant.  Assuming  the  IF  amplification  is  uniform  throughout 
the  IF  pass  band,  insert  the  phase  change  of  Eq.  3.2  to  each  frequency  component  of 
Eq.  3.1,  and  square  it  (for  simplicity,  we  assume  that  the  square-law  device,  SLD  is 
ideal),  we  get  the  following  expressions  for  the  current  after  the  SLD: 

isLD{t)  =  (1  +  m^/2)  -t-  2m  sin(a;^(i  +  At))  +  2u;m  terms  +  terms  around  2(jJjf  (3.3) 

where  the  second  term  is  the  desired  signal.  It  is  clear  that  for  this  situation,  which 
is  the  ideal  case,  the  phase  and  amplitude  of  the  final  demodulated  signal  do  not 
depend  on  the  IF  frequency. 

For  non  uniform  phase  response,  the  phase  change  introduced  by  an  IF  amplifier 
is: 

Am  =  {At)f + m  (3.4) 

where  (f)[f)  is  a  function  of  frequency.  For  simplicity,  we  define  the  phase  change  for 
frequency  ujjf  —  and  ujjf  as  <^i,  (^2  and  (f>z  in  addition  to  the  (At)/ 

term.  The  current  after  the  SLD  is  therefore: 

isLD{t)  =  (1  +  mV2)  +  2m  +  At)  +  ^1^)  cos(^3  -  ^i^)  + 
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+2ujm  terms  +  terms  around 


(3.5) 


Since  ^1,  (j>2  and  ^3  are  functions  of  frequency  and  generally  are  not  equal,  the  phase 
and  amplitude  of  the  final  demodulated  signal  will  change  as  the  IF  changes.  For  the 
same  reason,  the  instability  of  the  IF  signal  will  introduce  both  phase  and  amplitude 
instability  in  the  final  signal. 

In  summary,  we  demonstrate  a  proof-of- concept  experiment  for  a  novel  true-time 
delay  phased  array  antenna  feed  system  from  0.8  to  1.5  GHz  based  on  optical  hetero¬ 
dyne  detection  techniques.  Such  a  system  is  comparatively  easy  to  implement  using 
off-the-shelf  components.  The  system  has  high  dynamic  range  (>  52  dB),  good  signal- 
to-noise  ratio  (48  dB),  and  a  narrow  channel  spacing  (13  GHz)  with  good  channel 
isolation.  The  system  also  demonstrated  the  transmission  of  very  accurate  true-time 
delays.  Practical  issues  such  as  phase  fluctuations  and  tolerance  to  IF  frequency  vari¬ 
ations  were  analyzed.  Means  to  improve  system  performance  such  as  dynamic  range 
and  phase  stability  were  also  proposed.  The  experimental  results  were  compared  to 
our  previous  analysis[l],  and  were  in  good  agreement.  This  architecture  provides  a 
promising  approach  for  a  future  generation  of  phased  array  antenna  systems  based 
on  fiber  optic  techniques. 
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Chapter  4  Semiconductor  Ridge  Waveguide  Lasers  and  Related  Devices  for 
Optical  Integration 

In  this  chapter,  we  first  introduce  basic  concepts  of  semiconductor  lasers,  including  gain, 
efficiency  and  light  output  characteristics.  Also,  numerical  methods  for  calculating 
optical  modes  are  described.  Finally,  we  explain  our  processing  procedures  for  ridge 
lasers  and  semiconductor  optical  amplifier  (SOAs)  and  show  performance  data  of  typical 
devices. 

4.1  Semiconductor  Laser  Gain  and  Output  Characteristics 

4.1.1  Material  Gain 

In  a  semiconductor,  the  electrons  are  characterized  by  their  energy  and  monmentum  as 
determined  by  the  crystal  band  structure.  The  light  emission  process  can  be  conveniently 
described  as  the  recombination  of  a  free  electron  in  the  conduction  band  and  a  hole  in  the 
valance  band.  As  in  the  case  of  gas  lasers,  there  are  three  basic  photon-electron 
interactions  in  a  semiconductor  material:  spontaneous  emission,  absorption  and 
stimulated  emission.  By  requirements  of  energy  and  momentum  conservation,  a  light 
emitting  process  has  to  follow: 

E„-E^=hv  (Energy  conservation)  (4.1) 

hK,...  +  =  hK, (Momentum  conservation)  (4.2) 
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where  E3  and  Et  are  the  electron  energy  levels  in  conduction  band  and  valance  band,  k  is 
the  crystal  momentum.  Since  the  photon  momentum  (for  infrared  light)  is  small 
(typically  one  thousandth  of  that  of  an  electron),  the  chance  of  recombination  is  large 
when  the  semiconductor  is  a  direct  bandgap  material,  whose  conduction  band  minimum 
has  the  same  momentum  as  the  valance  band  maximum.  Both  GaAs,  InP/InGaAsP-based 
materials  are  direct  bandgap  materials  with  a  bandgap  energy  of  ~  1  to  1.5  eV  appropriate 
for  generating  infrared  light.  Optical  gain  only  occurs  when  stimulated  emission  is 
stronger  than  absorption,  which  requires  a  population  inversion — i.e.  where  the  number 
of  electrons  in  the  excited  state  (conduction  band)  is  greater  than  the  number  of  electrons 
in  lower  state  (valance  band). 

The  electron  distribution  can  be  expressed  by  the  product  of  the  density  of  states 
and  the  occupation  probability.  The  density  of  states  of  carriers  in  a  band  of  a  bulk 
semiconductor  can  be  expressed  as: 

1  9  m* 

p(E)dE  =  -^(^f^^EdE  (4.3) 

2k  h 

where  m*  is  the  effective  mass  of  the  carrier,  and  rn  =h^  !  (d^E  /  dk^),  E  is  the  excess 
energy  of  the  carrier  relative  to  the  band  edge.  For  conduction  electrons,  E  is  measured 
from  the  bottom  of  the  conduction  band,  while  for  holes  E  is  measured  from  the  top  of 
the  valence  band.  Since  electrons  and  holes  are  Fermions,  they  obey  Fermi-Dirac 
statistics.  That  is,  the  probability  f(E)  that  an  energy  level  E  is  occupied  at  thermal 
equilibrium  is  given  by 
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where  Ef  is  the  Fermi  level.  Combining  the  Eq.  (4.3)  and  (4.4),  we  can  get  the  density  of 
electrons  (n)  in  the  conduction  band  as: 

n^[f(E)p,(E)dE.  (4.5) 

Lc 

where  Pe  is  the  density  of  states  of  electrons  in  conduction  band.  The  density  of  holes  (p) 
in  valence  band  is  just  the  density  of  states  unoccupied  by  the  electrons,  and  it  is: 

p=t(\-f(E))p,(E)dE.  (4.6) 

•*-00 

where  p^,  is  the  density  of  states  of  holes  in  valance  band.  To  generate  net  gain  in  a 
semiconductor,  a  forward  biased  /injunction  or  pin  structure  is  usually  employed.  In  this 
non-equilibrium  situation  around  population  inversion,  the  ordinary  Fermi  function  for 
distribution  probability  does  not  apply.  However,  due  to  the  intraband  relaxation 
processes  (with  time  scales  ~  10’"  s),  the  electrons  and  holes  in  the  conduction  band  and 
valence  band  can  reach  quasi-equilibrium  within  the  band  itself  Therefore,  in  this 
region,  we  introduce  the  quasi-Fermi  levels  E„  and  Ep  to  describe  the  distribution  of 
carriers  within  their  respective  bands.  The  functions  that  describe  the  electron  and  hole 
distribution  probabilities  are: 

(4.7) 

e  «■  +1 

e  «  +1 
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Note  that  at  the  level  of  E„,  the  electron  occupation  is  50%;  while  at  the  level  of  Ep,  the 
hole  occupation  is  also  50%.  From  Figure  4.1,  it  is  clear  that  only  when  E„  raises  into 
conduction  band  and  Ep  drops  into  valence  band,  there  is  a  population  inversion  between 
the  energy  levels  E„  and  Ep.  Furthermore,  since  there  are  no  allowed  states  in  the  band 
gap,  stimulated  emission  gain  can  only  occur  for  light  with  frequency  of  v  that  satisfies 
the  following  equation: 

F„-F^>hv>E^  (4.9) 


The  gain  coefficient  g  is  defined  by: 

1  dl(z) 
S 


or  l(z^-  Az)  =  I(z)e’^^ , 


(4.10) 


l(z)  dz 

where  z  is  the  light  propagation  direction,  and  I(z)  is  the  light  intensity.  Due  to  the 
requirement  for  momentum  conservation,  electrons  can  only  recombine  with  holes  of  the 
same  momentum.  Therefore,  we  introduce  the  “reduced  density  of  states”  to  describe  the 
density  of  states  with  which  a  photon  with  energy  hv  can  actually  interact: 


p{hv)  = 


47C‘ 


Im^m^ 


3/2 

ihv-E^] 


1/2 


(4.11) 


where  m]  and  ml  are  effective  masses  of  electrons  and  holes,  respectively,  and  Eg  is  the 
band  gap.  The  absorption  and  stimulated  emission  of  light  are  proportional  to  this 
reduced  density  of  states.  The  absorption  should  also  be  proportional  to  the  electron 
vacancy  probability  in  the  conduction  band  and  the  electron  occupancy  (hole  vacancy)  in 
the  valence  band.  Thus  the  recombination  rate  Ratsorption  can  be  written  as: 
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Figure  4.1  Illustration  of  quasi-Fermi  levels 
and  photon  generation. 

An  electron  and  a  hole  of  same  k  can  recombine. 
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^ahsorpUon  f c(  )^f r(  )  ' 


(4.12) 


For  the  same  reason,  the  generation  of  light  (e.g.  recombination  of  electron  and  hole 
pairs)  requires  the  recombination  rate  to  be: 

^recombination  ^  (Ej{\-fUEj).  (4.13) 

The  net  recombination  rate  should  be  Rr,c„mhma,m,i  ~  Kbsorpium  >  and  it  is  proportional  to 

{fc(E^)-fJE^^.  Using  a  quantum  mechanical  approach,  we  can  get  the  gain 
coefficient  of  a  laser  material  as[l]: 

g(E>  =  ^;^^p(Eif,(E.)-f,(Ej)  (4.14) 

where  t  is  the  recombination  lifetime,  E  is  the  photon  energy,  and  "k  is  the  wavelength.  It 
is  clear  from  Eq.  (4.11)  and  (4.14)  that  the  gain  of  the  bulk  semiconductor  material 
increases  as  the  photon  energy  increases,  until  the  quasi-Fermi  (Eqs.  4.7,  4.8) 
distributions  begin  to  reduce  the  gain. 

For  the  gain  in  quantum  wells,  the  band  structure  changes  from  the  bulk,  as  does 
the  reduced  density  of  states.  For  the  new  band  structure,  the  effective  mass  depends  on 
energy  level. 

4.1.2  Light-current  output  characteristics 

Knowing  the  material  gain  from  the  band  structure  and  current  density  is  not  enough  for 
analyzing  a  laser.  In  this  subsection,  we  provide  some  well-known  results  regarding  the 
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characteristics  of  a  laser,  including  the  modal  gain,  the  internal  and  output  loss,  the 
quantum  efficiency  and  characteristics  of  the  lasing  spectrum.  We  will  relate 
measurements  of  these  laser  characteristics  to  material  and  device  parameters. 


For  a  laser,  gain  only  exists  in  the  active  region,  where  for  quantum  well  lasers,  is 
the  well  region.  The  effective  gain  for  optical  mode  is  the  product  of  the  material  gain 
and  the  confinement  factor  of  the  mode  in  the  gain  layer(s).  The  confinement  factor  T,  is 
the  normalized  fraction  of  optical  field  intensity  in  the  active  region.  The  equation  for 
the  effective  gain  is  thus: 


Stnocle  ^adh'e^ active  ‘ 


(4.15) 


A  device  can  lase  only  when  the  modal  gain  is  greater  than  the  internal  and  output  losses. 
The  internal  losses  (ctj)  includes  optical  scattering  loss  on  the  interfaces  between  adjacent 
layers  within  the  device  and  the  free  carrier  absorption  loss  within  each  layer.  The  output 
loss  is  expressed  as: 


(4.16) 


where  L  is  the  laser  cavity  length  and  R,,  R2  are  the  reflectivity  of  the  two  laser  facets. 
Since  gain  must  equal  or  exceed  loss  in  an  optical  round  trip  within  the  laser  cavity,  we 
have  two  conditions  for  lasing: 


g„r-a,-a„  =  g,^r-a,  =  0 


1^V2 


(4.17) 


and 


A  = 


L 


m 


(4.18) 
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where  n^ff  is  the  effective  index  for  the  mode  and  m  is  an  integer.  Usually  L»X  and  m  is 
a  large  number.  So  the  longitudinal  mode  spacing  can  be  expressed  as: 

A' 


1  1  ^ 

zlA  =  -  7^— 7;  «  — 13— 


m  m  +  \ 


m 


'^^esiL 


(4.19) 


This  equation  is  useful  for  estimation  of  effective  index  by  measuring  the  spectral  spacing 
of  different  longitudinal  modes. 


Above  threshold,  stimulated  emission  will  rapidly  consume  injected  electron-hole 
pairs  and  the  carrier  density  and  material  gain  are  fixed  at  the  threshold  level.  The  total 
output  optical  power  can  be  expressed  as: 

hv 


(4-20) 


where  r||  is  the  internal  quantum  efficiency,  which  is  the  percentage  of  current  above 
threshold  used  for  stimulated  electron-hole  pair  recombination.  It  is  clear  from  Eq.  4.20 
that  part  of  the  generated  light  is  consumed  by  the  internal  loss.  Here,  we  ignore  the 
scattering  losses  at  the  facets.  Relating  the  external  efficiency  (rij.j,)  with  the  internal  and 
output  losses  gives 


Po,Jhv  _ 


Sincea.=-Z„— 


we  can  write  Eq.  4.21  as: 


(4.21) 


J_ 


(4.22) 
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Assuming  that  the  reflectivities  on  both  facets  are  known,  a  measurement  of  the  external 
efficiency  for  lasers  of  different  cavity  lengths  yields  the  internal  quantum  efficiency  and 
internal  loss  via  Eq.  5.22. 

4.2  Numerical  analysis  of  a  one  dimensional  TE  waveguide  structure 

As  stated  in  the  prevous  section,  in  order  predict  the  output  characteristics  of  a  laser,  one 
needs  to  know  the  optical  mode  parameters  such  as  confinement  factor,  modal  reflectivity 
and  scattering  loss.  In  this  dissertation  work,  a  computer  program[3]  is  extensively  used 
to  calculate  optical  modes  of  lasers  and  waveguides.  Through  the  mode  calculation,  we 
can  obtain  the  confinement  factors  of  each  layer,  the  transmission,  reflectivity  and 
scattering  from  laser  and  waveguide  facets,  far  field  patterns  of  lasers,  and  facet  coating 
effects.  Here,  we  briefly  introduce  the  numerical  methods  used  in  this  program. 


Since  we  can  view  the  electric  field  as  a  wave  propagating  along  the  cavity  in  z 
direction,  and  the  propagating  wave  electric  field  can  be  expressed  as: 

E(x,y,z)  =  E(  ,  (4.23) 

where  ko  is  the  propagation  constant  in  vacuum  and 


(4.24) 


is  the  complex  effective  index.  The  calculation  of  the  optical  mode  for  an  in-plane  laser  is 
a  2-D  boundary  value  problem  (Figure  4.2).  Thus,  combined  with  Eq.  4.23,  Maxwell’s 
Equations  give: 
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V^E(x,y)=^-kl(n^(x.y.^)-nl)E(x,y). 


(4.25) 


cc  ^  X  y  xIq  ^ 

where  n(x,y,J\^)  =  n/x,y,^)-j — ’  ’  ■  is  the  complex  index  profile  of  a  laser 

ZICq 

cross-section,  which  is  also  a  function  of  lasing  wavelength,  X,,.  If  we  further  assume 
E(x,y)  =  E(x)E(y)  ,  and  ignore  lateral  (y)  variations  for  broad-area  lasers,  we  get  the 
following  1-D  transverse  mode  equation[4]: 

V^E(x)  =  -klE(x,y),  kl  =  k^(x,A^)-k^,  (4.26) 

where  k(x,  Aq),  of  each  layer  is  determined  by  the  material  [5]. 

Now,  Eq.  (4.26)  also  holds  true  for  the  ridge  lasers,  since  the  transverse 
confinement  of  the  fundamental  mode  is  usually  much  stronger  than  lateral  confinement, 
which  leads  to  k^  »  k^ .  For  a  numerical  analysis  with  higher  precision,  the  mode 

distribution  can  be  first  found  by  solving  the  1-D  transverse  mode  at  different  lateral 
positions,  then  solving  the  3-layer  lateral  mode  using  the  effective  indices  calculated  for 
the  1-D  transverse  case  (see  Fig.  4.2). 

For  a  dielectric  stack  (Fig.  4.3),  such  as  in  the  case  of  quantum  well  lasers,  the 
electric  field  of  a  TE  wave  can  be  expressed  as: 

E,(x )  =  kl  =  kf  -k],  1  =  (4.27) 
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dielectric 


Back  metal 


Figure  4.2  Schematic  Diagram  of  Cross  Section  of  a  ridge  laser. 


where  A/  and  B/  are  the  coefficients  of  forward  (+x)  and  backward  (-x)  propagating  plane 
waves  and  x  =  L/  is  the  position  of  each  interface.  For  a  guided  mode,  there  is  no  real 
wave  propagating  along  x  or  -x,  so  ki^  and  kmx  are  imaginary,  while  A„  are  zero,  and 
B„  A„  are  finite,  expressing  waves  decaying  exponentially.  Solving  wave  functions  to 
meet  the  above  boundary  conditions,  along  with  the  electric  field  continuity  requirement 
at  the  interfaces,  the  effective  propagation  constant  and  field  distribution  of  the  guided 
modes  can  be  found.  Two  numerical  methods  are  frequently  used:  the  transmission  (or 
transfer)  matrix  method  [6-7],  or  the  characteristic  matrix  method[8].  Usually,  the 
transmission  matrix  method  is  used  to  obtain  the  waveguide  mode  with  effective  index 
and  confinement  factors,  while  the  characteristic  matrices  are  used  in  calculating  modal 
reflectivities  [3]. 

Now  let  us  examine  the  modal  reflectivity  of  a  cleaved  facet  and  far-field  pattern 
of  waveguide  modes.  The  Fresnel  plane  wave  decomposition  method  can  be  used  to 
calculate  the  far  field  pattern  and  estimate  the  modal  reflectivity,  scattering,  and 
transmission[9-l  1].  Using  the  same  argument  as  above,  we  need  only  consider  the 
transverse  mode  and  ignore  lateral  variations,  as  shown  in  Fig.  4.4.  The  optical  mode 
incident  on  the  90“  facet  can  be  regarded  as  a  wave  packet  E(x)e~^'‘-\  where  k^  is  the 
effective  wavevector.  Thus  we  can  use  the  effective  index  approximation  where  the 
waveguide  is  considered  as  a  uniform  material  with  A:  =  at  the  interface.  The  mode  can 
then  be  decomposed  to  plane  waves  whose  reflection  and  transmission  can  be  easily 
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Fig.  4.3  Illustration  of  1-D  mode  calculations  in  a  dielectric  stack. 


X 


Fig.  4.4  Illustration  of  calculation  for  modal  reflectivity  and  far  field  panem. 


I 
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calculated.  The  plane  waves  have  k  =  +  k^^y,  with  |^|  =  k, .  Assuming  z=0  at  the 

facet,  we  have: 

£  W  =  ^  .  (4.28) 

and  =  (4.29) 

where  G(kpJ  is  the  spatial  spectrum  of  E(x).  This  spectrum  G(kpJ  is  the  field 
distribution  at  different  angles,  or  the  far  field  amplitude.  Therefore,  the  above  equation 

can  generate  the  far  field  pattern  of  the  mode  in  any  material  by  replacing  \k\  with  k^ . 
Since  k^^  =  k^  sin  9.  We  have  the  angular  distribution  of  the  far  field  amplitude  as: 

0(0)  r E(x)e^'‘"”''^dx .  (4.30) 

J-oo 

The  far  field  intensity  pattern  is  G(9)G  (9).  The  reflection  at  the  interface  can  be 
calculated  based  on  the  plane  wave  decomposition,  and  it  can  be  given  by  the  reflection 

coefficient  spectrum  r(9)  =  which  accounts  for  both  the  amplitude  and  the 

phase  shift  on  reflection.  The  modal  reflectivity  is  given  by  the  overlap  integral  of  the 
normalized  incident  spectrum  G(0)  and  the  reflected  spectrum  r(0)G*(0)  such  that:: 

R  =  \^^^G(9)r(9)G'(9^.  (4.31) 

Since  the  plane  wave  reflection  coefficient  for  different  angles  varies,  r(0)  is  not  a 
constant.  Therefore,  the  reflected  light  can  not  be  perfectly  coupled  to  the  waveguide 
mode,  resulting  in  scattering.  Hence,  at  the  facet  there  are  three  process:  transmission, 
reflection  and  scattering. 
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4.3  Fabrication  and  performance  of  ridge  lasers  and  SOAs 
4.3.1  Processing  techniques 

Ridge  laser  and  waveguide  are  the  basic  device  structures  used  in  the  studies  of  this 
dissertation.  In  this  section,  we  discuss  the  processing  techniques  and  show  some  of 
performance  data  of  simple  ridge  lasers  and  semiconductor  optical  amplifiers  (SOA). 

In  the  previous  section,  we  know  that  the  efficiency  of  transverse  confinement  of 
an  optical  mode,  and  the  recombination  of  carriers  is  determined  by  the  details  of  the 
material  structure.  In  order  to  obtain  a  low  threshold  current  and  a  single  lateral  mode, 
the  device  needs  both  optical  and  electrical  lateral  confinement.  The  easiest  way  to 
achieve  lateral  confinement  is  to  form  a  ridge.  Figure  4.2  shows  a  cross  section  of  a  ridge 
laser,  which  is  typically  3  to  5  pm  wide  formed  ~  1000  A  above  the  active  layer.  Top 
metalization  makes  direct  contact  only  with  the  top  of  the  ridge,  while  other  areas  of  the 
device  are  isolated  by  a  dielectric  layer  (usually  SiN^,  SiOj  or  polyimide).  The  ridge  part 
has  a  higher  index  than  its  two  sides,  and  provides  good  optical  lateral  confinement. 
When  current  flows  from  the  top  contact  to  the  bottom,  the  ridge  confines  the  path  of  the 
current  so  that  the  recombination  of  electrons  and  holes  only  occurs  in  a  region  slightly 
wider  than  the  ridge  due  to  diffusion. 

Two  processes  used  for  fabricating  ridge  waveguide  lasers  are  Plasma  Enhanced 
Chemical  Vapor  Deposition  (PECVD)  and  Reactive  Ion  Etch  (RIE).  The  PECVD  is 


111 


capable  of  growing  very  uniform  layers  of  dielectric  material,  while  RIE  can  uniformly 
etch  the  semiconductor  and  dielectric  layers  with  a  very  good  directionality.  RIE  can  be 
used  both  for  etching  to  form  a  self-alignment  mask  and  a  vertical  etched  facet[3]. 

The  main  processing  steps  to  form  our  lasers  are  shown  in  Fig.  4.5.  Both  dry-etch 
(CH4,  Hj  mixture)  and  wet  etch  can  be  used  to  etch  ridges  in  the  InP-based  material  with 
a  SiN„  as  the  mask.  Planarization  is  accomplished  by  first  using  PECVD  to  deposit  a 
layer  of  SiN^  on  top  of  the  wafer;  then  a  layer  of  photoresist  is  spun  on  to  planarize  the 
surface  so  that  the  photoresist  on  top  of  the  ridge  is  thinner  than  the  photoresist 
elsewhere  (which  is  an  effective  for  narrow  ridges  <  20  pm).  The  next  step  is  to  make  a 
self-alignment  mask  for  etching  off  the  SiN,^  only  on  top  of  the  ridges.  Here  we  use 
oxygen  RIE  to  remove  the  photoresist.  Since  the  etching  process  is  very  uniform  and  the 
photoresist  on  top  of  the  ridges  is  thinner  than  other  areas,  at  a  certain  point,  the  top  of 
ridges  will  be  exposed  while  other  areas  remain  covered  by  photoresist.  Thus  a  self¬ 
alignment  mask  of  photoresist  on  top  of  the  dielectric  material  is  formed.  Following  this, 
the  exposed  dielectric  material  is  etched  away  using  a  CF4  plasma.  Top  metal  contact  is 
then  made  by  e-beam  deposition,  and  finally,  the  device  is  lapped  to  ~100  pm  thick  and 
back  contact  is  made  and  annealed.  Detailed  processing  procedures  and  parameters  are 
provided  in  Appendix  5. 

Eliminating  the  feedback  in  a  semiconductor  laser  results  in  a  pure  gain  device, 
known  as.  a  semiconductor  optical  amplifier  (SOA).  The  feedback  can  be  greatly 
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(a)  etching  semiconductor  ridge  using  SiNx  as  masks. 


photo¬ 

resist 


(b)  planarization  using  photoresist 


(c)  using  self  alignment  mask  to  expose  ridges 


p-metal 


(d)  front  and  back  metal  deposition 


Fig.  4.5  Schematic  diagram  of  ridge  laser  fabrication  procedure. 


reduced  in  one  of  two  ways:  one  is  to  coat  the  laser  facets  with  anti-reflection  film(s);  the 
other  is  to  tilt  the  waveguide  away  from  perpendicular  to  the  facet  so  that  only  very  little 
reflected  light  can  be  coupled  back  to  the  incident  waveguide  mode.  Some  SOAs  made 
in  our  lab  uses  a  single  layer  antireflection  coating.  For  a  plane  wave  that  is  incident 
perpendicularly  on  the  interface  of  two  materials  with  indices  of  n,  and  n2,  a  thin  layer  of 
material  put  between  the  two  materials  can  be  a  perfect  antireflection  coating  if  it  meets 
the  following  conditions: 

n  =  and  (4.32) 


where  n  is  the  index  of  the  film,  and  t  is  the  thickness  of  the  film.  For  the  reflection  of  a 
waveguide  mode,  the  effective  index  should  be  considered  and  the  guided  mode  should 
be  decomposed  into  plane  waves  for  reflection  analysis,  just  as  what  we  did  in  the 
previous  section.  Even  with  ideal  processing  techniques,  the  reflection  can  never  be 
absolutely  zero,  since  the  reflection  of  a  film  can  not  be  zero  simultaneously  for  light  at 
different  incident  angles.  Usually  the  reflection  will  set  the  upper  limit  of  amplification 
for  an  SOA.  Above  that  limit,  at  which  the  gain  equals  to  the  loss,  the  SOA  becomes  a 
laser.  Figure  4.6  shows  a  numerical  calculation  at  1  =  1.33  mm  for  modal  reflection  of 
based  on  our  numerical  program[3],  assuming  an  effective  index  of  3.28.  From  the 
calculation,  we  find  that  the  optimum  indej^and  thickness  of  the  thin  film  should  be  1.80 
and  1900  A,  respectively.  If  the  index  and  the  thickness  are  all  within  3%  of  these  values, 
the  reflection  is  <0.1%,  allowing  for  a  maximum  SOA  gain  of  30  dB. 
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Reflectivity 


Fig.  4.6  Calculation  of  modal  reflectivity  of  a  1.3  urn  wavelength 
laser  with  a  single-layer  anti-reflection  coating. 


In  our  devices,  we  use  a  single  layer  SiO„  e-beam  evaporated  thin  film  for  proof- 
of-concept  experiment.  We  found  that  we  can  roughly  control  the  index  of  the  film  by 
control  the  pressure  of  the  e-beam  chamber  before  evaporation,  which  determines  the 
percentage  of  oxygen  in  SiO„.  We  also  found  that  the  adhesion  of  the  SiO^  film  can  be 
improved  by  increasing  the  evaporation  rate  above  15  A/s.  If  very  high  gain  is  desired, 
then  the  index  and  thickness  of  the  SiO,^  thin  film  need  to  be  precisely  controlled  with  a 
fine  oxygen  pressure  adjustment  and  an  in-situ  monitoring  setup.  With  the  equipment 
available  in  our  lab,  we  achieve  high  reflectivity  using  an  interactive  procedure  of 
deposition  and  measurement. . 

4.3.2  Performance  of  simple  MQW  ridge  lasers  and  SO  As 

In  this  subsection,  we  describe  the  performance  of  simple  ridge  lasers  and  SOAs  to 
illustrate  how  we  characterize  our  devices.  We  will  discuss  the  carrier  diffusion  length, 
gain  as  a  function  of  the  number  of  quantum  wells,  and  facet  reflectivity  and  gain  of  the 
SOAs. 


For  ridge  lasers,  due  to  the  lateral  diffusion  of  the  injected  carriers,  the  actual  area 
the  current  passing  through  the  active  region  is  larger  than  the  ridge  area.  In  order  to 
determine  this  diffusion  width,  we  measured  the  threshold  currents  for  lasers  of  the  same 
cavity  length  but  with  different  ridge  widths,  then  plotted  the  threshold  current  versus  the 
ridge  width.  Figure  4.7  shows  measured  results  for  lasers  made  from  a  3  QW  material 
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grown  at  David  Samoff  Research  Center  (the  wafer  number:  #1709C).  In  the  figure,  we 
plot  threshold  current  versus  ridge  width  for  several  different  cavity  lengths.  The 
diffusion  width  obtained  from  the  data  for  2020,  1400  970  and  390  pm  long  lasers  are 
5.07  ,  5.5,  5.35  and  5.31  pm  respectively.  Hence,  the  electric  diffusion  width  for  this 
sample  is  ~5.3  pm. 

Figure  4.8  shows  the  material  net  gain  (gain  minus  the  internal  loss)  versus  the 
threshold  current  density  for  materials  with  different  numbers  of  quantum  wells  (wafers 
#1 12895,  #1 12095  and  #1 1 1695  grown  at  Pinceton).  At  threshold,  the  net  gain  is  equal 
to  the  output  loss  provided  that  we  ignore  scattering  at  the  facets.  We  can  see  that  at  low 
gain,  lasers  with  fewer  quantum  wells  require  a  lower  current  density  to  reach  the  same 
net  gain;  while  in  the  high  gain  region,  more  quantum  wells  help  to  reduce  the  threshold 
current  density.  Fewer  quantum  wells  need  a  lower  current  density  to  separate  the  p  and  n 
type  quasi-Fermi  levels  necessary  for  population  inversion.  As  current  density  increases, 
gain  of  the  materials  with  fewer  quantum  wells  saturates  and  at  a  certain  point  it  is  less 
than  that  of  the  materials  with  more  quantum  wells.  We  will  use  this  effect  to  choose  the 
right  number  of  quantum  wells  for  the  twin-guide  lasers  to  be  discussed  in  Chapter  7. 

Figure  4.9  shows  the  performance  of  a  typical  SOA  fabricated  following  the 
procedure  discussed  above.  It  shows  the  output  light  power  versus  the  device  current 
with  an  input  light  power  of  25  pW.  The  device  is  a  0.8  mm  long  by  5  pm  wide  ridge 
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Fig.  4.7  Threshold  current  versus  ridge  width  for  lasers  of  different  lengths. 
The  diffusion  length  for  this  device  is  about  5.3  jam. 
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Figure  4.9  SOA  light  output  versus  current  with  an  input  light  of  25  pW  at  1.3  pm. 
The  SOA  has  a  5  QW  structure,  5  pm  wide  ridge  and  0.8  mm  long  cavity. 


waveguide  device  with  5  quantum  wells.  We  can  see  that  with  a  200  mA  driving,  the 
amplification  is  20  dB.  Figure  4.10  shows  the  spectrum  of  amplified  light,  together  vdth 
the  spontaneous  emission  from  the  SOA. 

In  summary,  in  this  chapter,  we  discussed  the  basic  principles  of  semiconductor 
laser  operation,  and  considered  the  gain  and  characteristic  parameters  such  as  internal 
loss,  output  loss,  efficiency  and  longitudinal  mode  spacing.  We  also  described  numerical 
methods  used  for  mode  calculations,  including  confinement  factor,  effective  index, 
reflectivity,  far-field  pattern.  Finally,  our  processing  techniques  were  described  and 
some  of  performance  data  were  shown  to  illustrate  the  characterization  of  lasers  and 
SOAs. 
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Chapter  5  Photonic  device  integration  using  vertical  twin-waveguide  structure 

As  discussed  in  Chapter  1,  the  vertical  twin- waveguide  (TG)  approach  for 
photonic  device  integration  only  requires  a  single  material  growth  step,  providing  a 
structure  on  which  a  variety  of  “active”(e.g.  lasers  and  optical  amplifiers)  and  “passive” 
(e.g.  waveguides,  couplers  and  modulators)  devices  can  be  fabricated.  In  this  chapter,  we 
quantitatively  describe  the  operation  principles  of  TG  devices,  and  discuss  the  first 
demonstration  of  laser/passive-waveguide  integration  at  the  wavelength  of  1.55  pm  using 
a  InP/InGaAsP-based  TG  structure. 

Basic  concepts  of  device  operation  of  the  TG  structure  are  introduced  in  Section  1.  The 
theoretical  analysis  of  lightwave  propagation — ^the  normal  mode  coupling  theory  in  a  TG 
structure-is  presented.  Based  on  the  analysis,  we  estimate  the  light  coupling  efficiency 
from  the  active  to  passive  (transparent)  waveguides,  reflectivity  of  a  half-etched  facet,  the 
threshold  current  density  of  a  laser,  and  gain  of  an  SOA  in  integrated  devices.  The 
concept  of  the  “loss”  layer  and  the  effect  of  this  loss  layer  on  device  performance  is 
described  in  detail.  Section  2  covers  specific  material  design  issues,  including  methods 
for  material  and  device  optimization,  for  obtaining  matched  waveguides  to  balance 
reflectivity  and  optical  coupling,  and  for  choosing  the  right  number  of  quantum  wells  to 
obtain  lowest  threshold  current  density.  One  material  design  example  is  given  at  the  end 
of  the  section,  and  tolerance  for  the  material  growth  variations  is  quantitatively  analyzed. 
Finally,  in  Section  3,  we  present  our  experiments  on  integrated  lasers/Y-branch  passive 
waveguides.  Device  performance,  such  as  threshold  current  density,  internal  optical  loss. 
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effects  of  the  los  layer,  and  near  and  far-field  patterns  are  discussed.  A  laser  to 
waveguide  coupling  efficiency  of  45%  and  a  threshold  current  density  of  -  800  A/cm^  for 
a  TG  laser  are  obtained. 

5.1  Basic  Concept  of  TG  Structures 

Both  coupled-mode[l]  and  normal-mode [2]  theoretical  methods  can  be  used  to 
analyze  a  system  of  two  coupled  waveguides.  Here,  we  use  the  normal  mode  approach, 
where  a  transfer  matrix  (see  Chapter  4)  can  be  employed  to  find  all  the  normal  modes, 
their  effective  indices  and  confinement  factors  in  each  layer.  In  a  TG  structure,  usually 
only  the  two  lowest  TE  modes  (TEq— the  even  mode,  TEi—the  odd  mode)  propagate  in  the 
waveguides.  This  is  especially  true  when  a  laser  is  involved,  since  TE  modes  have  higher 
facet  reflectivity[3]  and  reach  threshold  at  lower  currents  than  the  TM  modes. 

Figure  5.1  shows  the  index  profile  and  wave  functions  of  even  and  odd  modes  of  a  TG 
structure.  The  material  consists  of  two  closely  spaced  waveguides.  The  upper  waveguide 
is  the  active  region  providing  gain  providing  gain,  while  the  lower  waveguide  has  a  larger 
bandgap,  allowing  guided  waves  to  propagate  with  minimal  absorption.  Both  layers  have 
larger  indices  than  the  surrounding  layers,  and  are  in  close  proximity  (<  1  pm)  to  act  as  a 
directional  coupler.  The  phase  of  the  electric  field  in  the  two  guides  is  the  same  in  the 
even  mode,  while  the  fields  are  180“  outof  phase  in  the  odd  mode.  Also  note  that  there  is 
a  field  node  for  the  odd  mode,  but  not  for  the  even  mode  between  the  two  guides.  With 
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two  modes  presence,  the  electric  field  along  the  propagating  direction  can  be  expressed  as 
the  superposition  of  the  fields  of  the  two  normalized  TE  modes  %  : 

E,  •exp[-y-A:o  (5.1) 

where  ko=27t/X,  is  the  vacuum  propagation  constant,  Re(ni)  and  Im(ni)  are  the  real  and 
imaginary  parts  of  the  complex  effective  index  n;  (i=o,  e  for  odd  and  even),  and  the  modal 
gain  gi=2koIm(nj).  From  Eq.  5.1,  it  is  clear  that  the  optical  energy  oscillates  between  the 
two  waveguides  in  the  propagation  direction,  z.  When  the  two  modes  are  in  phase,  the 
energy  is  mainly  in  the  upper  waveguide,  while  out  of  phase  modes  have  the  energy 
confined  in  lower  waveguide.  Figure  5.2  schematically  shows  the  light  propagation 
along  the  TG  cavity.  The  coupling  length  L,,  after  which  the  relative  phase  of  the  two 
mode  shifts  by  180°  phase  is: 

4=A/[2|Re(nJ-Re(«„)|],  (5.2) 

where  the  effective  indices  can  be  obtained  through  numerically  solving  the  normal 
modes,  as  shown  in  Chapter  4.  When  the  effective  indices  of  the  two  waveguides,  when 
uncoupled,  are  approximately  the  same,  the  active  layer  confinement  factors  and  the 
effective  indices  for  the  two  modes  are  very  close.  Thus  the  modes  strongly  interact  with 
each  other,  and  the  exchange  of  energy  between  top  and  bottom  guide  is  nearly 
complete!  1,4].  We  call  this  the  “synchronous  waveguide”  condition.  If  the  waveguides 
are  not  synchronous,  one  of  the  modes  is  strongly  confined  in  the  active  layer,  and  has  a 
high  gain  while  the  other  one  strongly  confined  to  the  waveguide  and  has  a  small  gain. 
The  mode  beating  does  not  significantly  affect  the  power  in  the  active  guide  since  the 
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power  of  a  single  mode  dominants  in  this  guide.  However,  the  beating  still  affects  the 
optical  power  in  the  passive  waveguide  since  the  intensity  of  both  modes  are  comparable. 


For  a  twin  guide  laser,  with  both  facets  cleaved,  the  reflectivity  is  approximately  the 
same  as  that  of  an  ordinary  semiconductor  laser.  At  threshold,  the  gain  of  a  mode  has  to 
be  equal  to  its  total  loss  (including  mirror  loss,  internal  loss,  scattering  loss)  and  the  phase 
of  the  mode  has  to  satisfy  the  resonance  condition  of  the  cavity.  A  simple  but  important 
integrated  TG  device  is  the  laser/passive  waveguide,  shown  schematically  in  Fig.  5.3(a). 
The  left  edge  of  the  device  is  a  deep  etched  or  cleaved  refractive  facet,  while  on  the  right 
is  a  shallow  facet  etched  only  into  the  top  guide,  which  serves  two  purposes:  providing 
feedback  to  lasers  and  coupling  light  from  the  laser  directly  into  the  waveguide.  Many 
other  devices  such  as  integrated  laser/modulators,  SOA/waveguides,  SOA/modulators, 
and  SOA/couplers,  can  also  be  fabricated  using  similar  device  configurations.  In  a  TG 
structure,  the  laser  feedback  can  also  be  provided  by  integrated  gratings  (e.g.  distributed 
feedback)[5].  Here,  we  only  considerthe  facet  and  half-facet  reflections. 

For  the  laser/waveguide  shown  in  Fig.  3(a)  with  both  even  mode  and  odd  mode 
presents,  the  lasing  conditions  can  still  be  obtained  by  meeting  the  requirements  that  for 
either  mode,  the  gain  equals  to  the  loss,  and  the  phase  matches  its^f  after  a  round  trip  in 
the  cavity.  However,  in  the  TG  struccture,  the  reflected  light  from  either  mode  is  coupled 
into  both  modes  at  the  half  etched  facet.  A  detailed  analysis  of  this  condition  has  been 
considered  previously [6]. 
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Fig.  5.3  TG  device  structures. 
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Here,  we  quantitatively  analyze  some  of  the  characteristics  of  the  TG  device 
performance.  Due  to  the  interaction  of  the  two  modes,  light  concentrates  in  either  top  or 
bottom  guide,  depending  on  the  distance  from  the  facets.  Consider  two  extreme 
situations:  most  of  the  optical  energy  is  concentrated  in  the  upper  guide,  or  in  the  lower 
guide  at  the  half  etched  facet.  In  the  first  case,  the  reflectivity  at  the  half-etched  facet  is 
strong,  leading  to  low  output  loss  and  threshold  current.  However,  only  a  small  amount 
of  light  can  be  coupled  from  the  laser  into  the  passive  waveguide.  In  the  latter  case,  the 
situation  is  reversed  and  the  coupling  is  strong.  However,  since  the  reflection  is  low  due 
to  the  lower  optical  density  in  the  upper  guide  than  that  in  the  lower  guide,  the  threshold 
current  density  can  be  very  high.  Figure  5.4  shows  a  plot  of  the  threshold  current  density 
of  the  laser  as  a  function  of  cavity  length  for  such  a  device  with  synchronous  waveguides. 
It  shows  that  at  some  points  where  the  reflection  is  really  small,  the  threshold  current  is 
high. 


For  the  mismatch  (non-synchronous  waveguides)  situation,  the  reflectivity  of  the 
half  etched  facet  does  not  change  much  with  the  cavity  length  since  the  relative  amount 
of  power  is  nearly  a  constant  with  distance  from  the  facets.  However,  in  this  case,  the 
light  coupling  efficiency  is  reduced,  and  still  changes  with  the  cavity  length  since  the 
relative  amount  of  optical  energy  in  the  bottom  guide  is  lower  and  varies  with  position. 

In  the  case  of  an  SOA  integrated  with  a  passive  waveguide  as  shown  in  Fig.  3(b), 
both  the  synchronous  and  non-synchronous  waveguide  situations  induces  a  gain 
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Threshold  Gain(/cm) 


Fig.  5.4  Threshold  gain  versus  cavity  length  for  an  integrated 
laser/waveguide  device  in  TG  with  two  synchronous  waveguides. 


Here  an  example  device  is  used.  The  mode  coupling  length  is 
80  |im,  and  the  reflectivities  of  the  modes  on  cleaved  and  half 
-etched  facet  are  0.33  and  0.078,  respectively. 

The  oscillation  of  the  threshold  gain  is  caused  by  the  changing 
of  amount  of  the  reflected  light  from  the  half  etched  facet  due 
to  the  even  and  odd  modes  coupling. 
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oscillation  with  cavity  length  due  to  the  mode  eoupling.  Since  this  device  performance 
variation  is  undesirable,  we  proposed  eliminating  the  even  mode  by  introducing  a  thin 
Ino53Gao47As  “loss”  (absorption)  layer  between  the  two  guides,  centered  around  the  zero- 
intensity  node  of  the  odd  mode.  This  introduces  significant  loss  to  the  even  mode  while 
not  affecting  the  odd  mode  significantly.  We  will  examine  this  point  further  in  the 
following  quantitative  analysis  and  experimental  results. 

We  now  consider  reflections  at  the  half-etched  facet  and  the  coupling  efficiency  of  the 
laser/waveguide  or  SOA/waveguide  structure.  When  only  the  odd  mode  is  present  for  the 
device  of  Fig.  3(a),  the  light  in  the  lower  waveguide  is  coupled  into  into  the  passive 
waveguide  with  an  efficiency  of  ~0.5.  The  coupling  efficiency  can  be  calculated  by 
considering  the  overlap  of  the  odd  mode  of  the  TG  and  the  normal  mode  of  only  the 
passive  waveguide.  Hence  a  fraction  of  the  energy  in  the  upper  waveguide  passes  to  the 
free  space  and  part  of  it  is  reflected.  The  reflected  light  is  in  fact  a  superposition  of  even 
and  odd  modes.  Decomposing  the  reflected  light  wave  function'!',,  into  [6],  we 

obtain 

Here,  r  is  the  reflectivity  of  the  etched  facet,  which  to  first  order  is  taken  as  the 
reflectivity  for  the  normal  incident  light  from  a  cleaved  facet.  For  an  InP-based  material, 
therefore  r  =  0.56  for  E  field.  For  a  simple  case  of  synchronous  waveguides  where  the 
energy  in  both  guides  is  approximately  equal  for  both  modes,  and  half-etched  facet  stops 
at  the  midd-point  {xq)  of  the  two  modes,  the  overlap  integrals  for  the  reflected  light  with 
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the  odd  and  even  modes  are  both  roughly  equal  to  0.5.  Based  on  these  assumptions,  and 
using  Eq.  5.3,  the  reflected  E  field  to  the  odd  mode  is  (0.56*0.5=)  0.28.  This 
corresponds  to  an  intensity  reflectivity  of  0.078,  which  is  approximately  25%  of  that  of  a 
normal  laser  of  0.3. 

The  light  coupling  ratio  calculation  is  also  crucial  to  the  estimation  of  the  gain  of 
an  SOA  shown  in  Fig.  2(b).  There  is  an  estimated  3  dB  coupling  loss  for  both  light  input 
to  and  output  from  the  TG  SOA. 

In  order  to  reduce  the  threshold  current,  one  can  put  high  reflection  coating  on 
both  the  cleaved  and  the  half  dry-etched  facets.  In  the  ideal  case,  for  the  odd  mode,  the 
reflectivity  of  the  coated  cleaved  facet  is  nearly  100%,  while  it  is  roughly  25%  for  the 
half  etched  facet.  Nevertheless,  only  50%  of  the  optical  energy  can  be  coupled  from  the 
laser  cavity  to  the  waveguide  in  the  last  case  of  the  TG  structure 

5.2  Twin-guide  Material  Design 

For  the  reasons  discussed  in  the  previous  section,  we  want  to  design  the  twin-guide 
material  structure  such  that  only  odd  modes  are  amplified  by  introducing  an  absorption 
layer  at  their  nodes.  The  conditions  for  only  odd  mode  presence  can  be  expressed  by: 


^g„g  -  HKAo )  /  21  -  -  «„  >  0 

(5.4) 

and 

rg,g  -  HRuRiJ  /  21  -  -  a,  <  o 

(5.5) 
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for  the  odd  and  even  modes,  respectively.  Here,  T^^^andT^^  are  the  confinement  factors 

of  even  and  odd  modes  in  the  gain  layer  and  g  is  the  active  layer  material  gain, 
ln(i?,ji?2i)/2Z.  (i  =  e,  o)  is  the  mirror  loss;  a,  is  the  material  absorption  in  the  loss  layer,  and 
and  are  the  confinement  factors  of  the  two  modes  within  the  absorption  layer. 
Finally,  represent  the  other  internal  losses  including  free  carrier  absorption  and 

scattering  for  the  even  and  odd  modes,  respectively.  In  order  to  effectively  suppress  the 
even  mode  while  not  significantly  affecting  the  odd  mode,  the  difference  between  and 
should  be  lage.  If  the  difference  between  even  the  odd  modes  is  >  10  dB,  the  even 
mode  is  effectively  eliminated.  In  this  situation,  the  coupling  efficiency  between  the  TG 
regions  and  the  passive  waveguides  and  the  reflectivity  on  the  etched  facet  are  constant. 
Hence,  in  the  devices  using  this  structure,  the  threshold  currents  of  lasers  and  gain  of 
SOAs  are  not  sensitive  to  the  device  length  as  those  without  the  absorption  layer. 

To  obtain  a  balance  between  reflection  and  light  coupling  at  the  half-etched  facet, 
the  light  in  the  upper  and  lower  guides  must  be  equal  at  this  surface.  This  is  usually 
achieved  as  follows.  First,  the  active  waveguide  is  chosen  (quantum  well  or  double 
heterostructure  plus  the  confinement  and  cladding  layers).  Then  the  numerical  program 
is  used  to  obtain  the  effective  index  of  the  waveguide.  Next,  a  passive  waveguide 
structure  (wider  bandgap  layers  or  wider  bandgap  QW  structure)  is  chosen,  leaving  only 
the  thickness  of  the  confinement  layer  as  a  variable.  Numerical  analysis  is  then  used  to 
find  the  optimal  thickness  of  the  confinement  layer  such  that  the  effective  index  of  the 
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waveguide  is  equal  to  that  of  the  active  guide.  This  also  ensures  the  confinement  factor  in 
the  active  layer  for  both  modes  is  equal. 


Another  issue  of  material  design  is  the  choice  of  the  number  quantum  wells 
required,  as  determined  from  the  gain  vs.  current  density  for  a  single  well  in  a 
conventional  Fabry-Perot  laser  structure.  For  separate  confinement  heterostructure 
multiple  quantum  well  lasers  (SCH-MQW),  if  the  total  active  region  is  less  than  1000  A, 
then  calculations  show  that  the  optical  confinement  factor  in  quantum  well  region  is 
proportional  to  the  number  of  quantum  wells,  in  which  case,  gain  versus  threshold  current 
density  can  be  scaled  with  the  QW  number[7].  Our  calculations  show  that  the  TG  with 
the  top  guide  as  the  SCH-MQW  structure  also  follows  the  same  rule.  For  the  case  of  the 
TG  with  synchronous  waveguides,  the  confinement  factor  is  about  half  of  that  of  a 
conventional  laser.  Thus,  given  the  gain  curve  of  a  SCH  single  quantum  well  (SCH- 
SQW)  structure,  we  can  estimate  the  gain  curve  of  the  TG  as  a  function  of  the  number  of 
quantum  wells.  Figure  6.5  shows  a  gain  versus  threshold  current  density  curve  of  a  SCH- 
SQW  based  on  our  experiments.  The  optimum  working  point  is  Jq,  Gq,  where  the  ratio  of 
Gfl/Jo  is  at  a  maximum.  To  achieve  the  lowest  threshold  current  density,  the  optimum 
number  (Nop,)  of  quantum  wells  for  a  TG  structure  is: 


fj  _ 

"  GJ2 


where  the  Go/2  is  employed  since  the  gain  is  only  half  of  that  of  a  conventional  laser  at 
the  same  current  density  due  to  the  half  confinement  factor.  Here,  the  output  loss  can  be 
estimated  from  the  length  of  the  device  using  the  reflectivity  calculations  in  Sec.  5.1.  The 
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Fig.  5.5  Modal  gain  versus  threshold  current  density  of  a  single  QW  laser. 
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internal  optical  loss  can  be  estimated  by  using  the  method  in  Sec.  4.3  with  a  similar 
structure,  or  by  calculation  of  the  free  carrier  absorption  loss,  which  is  shown  to  be  the 
major  source  of  the  internal  loss  in  Chapter  6. 

Figure  5.6  shows  a  detailed  material  structure  of  an  example  TG.  The  upper  guide 
consists  of  7  QW  InGaAsP  structure  with  a  bandgap  cutoff  wavelength  of  1.6  pm,  while 
the  lower  guide  has  10  QW  with  a  larger  bandgap  (with  a  cutoff  wavelength  of  1.4  pm). 
The  thickness  of  the  confinement  layers  is  adjusted  so  that  the  two  guides  are 
synchronous.  Seven  active  quantum  wells  are  chosen  based  on  our  estimation  for  a  low 
threshold  current  density  in  the  integrated  laser/waveguide  with  a  ~1  mm  long  laser 
cavity.  The  spacing  between  the  two  guide  is  1  pm,  and  the  loss  layer  is  centered  at  the 
mid-point  between  the  two  guides  where  the  intensity  of  the  odd  mode  is  vanishes. 
Figure  5.7  shows  the  wave  function  of  both  modes.  From  here,  we  obtain  confinement 
factors  for  the  active  QWs  of  8.9%  and  7.4%  for  the  even  and  odd  mode,  respectively. 
The  effective  index  for  the  two  modes  are  3.255  and  3.259  and  the  coupling  length  is  340 
pm. 


The  thickness  and  the  position  of  the  Ino  53Gao.47As  loss  layer  are  crucial  to  the 
performance  of  the  device.  Based  on  our  calculation  of  confinement  factor,  we  plot  the 
optical  loss  for  both  modes  versus  Ino53Gao47As  layer  thickness  and  position  for  an 
Ino  53Gao47As  absorption  coefficient  at  1.55  pm  wavelength  of  a  =  10''  cm"'  in  Figs.  5.8 
and  5.9.  From  Fig.  5.8,  it  is  clear  that  a  20  nm  thick  loss  layer  causes  ~  18  cm''  loss  for 
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Fig.  5.7  The  wave  functions  of  the  even 
and  odd  modes  for  an  example  TG  structure. 

(top  guide  1.55  urn,  bottom  guide  1.3  urn) 

Active  Layer  Confinement;  even  mode  8%.  odd  mode  7%; 
Loss  layer  confinement  even  mode  0.6%,  odd  mode  0.002%. 
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Even  mode  optical  loss  (/cm) 


Fig.  5.9  Optical  loss  versus  the  position  of  the  loss  layer. 
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Odd  mode  optical  loss  (/cm) 


the  even  mode,  while  only  0. 1  cm''  for  the  odd  mode.  Hence,  although  the  odd  mode  has 
a  lower  QW  confinement  factor  than  that  of  the  even  mode,  it  still  reaches  the  lasing 
condition  first.  Figure  5.9  shows  the  effect  of  the  position  of  the  loss  layer  on  the  optical 
loss  introduced.  For  this  calculation,  the  distance  between  the  two  guides  is  1  pm,  while 
only  the  position  of  the  10  nm  thick  loss  layer  with  regard  to  the  bottom  of  the  top  guide 
is  varied.  The  loss  for  the  odd  mode  is  more  sensitive  to  position.  With  a  120  nm 
position  change,  the  loss  for  odd  mode  changes  from  approximately  zero  to  1  cm''. 
Therefore,  we  can  position  the  loss  layer  such  that  it  introduces  significant  loss  for  the 
even  mode  while  only  slightly  affecting  the  odd  mode. 

5.3  Monolithic  integration  of  a  1.55  pm  wavelength  MQW  laser/waveguide  using 
TG. 

In  this  section,  monolithic  integration  of  a  1.55  pm  wavelength  multiple  quantum  well 
(MQW)  laser  with  a  passive  waveguide  using  a  vertical  twin- waveguide  (TG)  structure  is 
described.  This  InP/InGaAsP  structure  is  grown  in  a  single  step  in  the  by  gas-source 
molecular  beam  epitaxy.  An  Ino,53Gao47As  loss  layer  is  incorporated  in  the  structure  to 
improve  the  control  of  laser  feedback  and  output  coupling  through  elimination  of  even 
mode  propagation.  It  is  shown  that  the  introduction  of  the  loss  layer  has  little  effect  on 
the  odd  mode,  with  the  same  threshold  current  density  and  external  efficiency  for  both 
structures. 

Fig.  5.10  shows  the  TG  material  index  profile  and  wavefunctions  of  the  two 
modes.  The  material  is  grown  on  a  (100)  n-type  InP  substrate.  First,  a  1  pm  thick  layer  of 
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Fig.  5.10  Index  profile  and  wave 
functions  of  the  3  QW  TG  structure. 
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n-InP  is  grown  followed  by  a  430  nm  thick  InGaAsP  layer  with  a  bandgap  of  1.0  eV, 
which  forms  the  large  bandgap  passive  waveguide.  Next,  a  600  nm  thick  InP  cladding 
layer  is  grown  on  top  of  the  InGaAsP  waveguide.  For  materials  with  a  loss  layer,  this  InP 
cladding  by  a  100  A  thick  Ino47Gao53As  absorption  layer  sandwiched  between  two  300 
nm  thick  InP  layers.  The  second,  upper  waveguide  consists  of  a  MQW  active  region 
surrounded  by  confinement  layers.  The  active  region  consists  of  three,  13  nm  thick 
InGaAsP  QWs  (bandgap  «  0.77  eV ,  with  1%  compressive  strain)  separated  by  20  nm 

InGaAsP  barriers  with  a  bandgap  of  1.0  eV.  The  same  barrier  material  was  used  for  the 
two  1 13  nm  confinement  layers.  On  top  of  the  active  guide,  a  110  nm  thick  layer  of  p 
type  Be:InP  is  grown  followed  by  a  51  nm  thick  InGaAsP  (Eg=  1.0  eV)  which  is  used  as 
an  etch  stop  layer.  Finally  a  ~1  pm  thick  layer  of  heavily  doped  p-type  InP  is  grown, 
followed  by  a  70  nm  thick  InGaAs  layer  which  serves  as  the  p-contact  layer. 

The  material  structure  was  designed  to  have  synchronous  waveguides,  thereby 
ensuring  that  both  modes  propagate  at  approximately  the  same  velocity,  and  the  exchange 
of  power  can  be  comparatively  complete  in  both  guides  in  the  absence  of  the  loss  layer, 
as  discussed  in  Sec.  2.  At  the  center  of  the  InP  layer  between  the  two  guides,  the  light 
intensity  of  the  odd  mode  is  zero  while  that  of  the  even  mode  is  non-zero.  By  placing  a 
100  A  thick  InGaAs  layer  centered  at  this  point,  the  confinement  factors  of  the  even  and 
odd  modes  are  calculated  to  be  0.3%  and  4  x  lO”^  %  respectively.  With  an  absorption  of 
10''  cm"',  the  loss  due  to  this  layer  for  even  and  odd  mode  propagation  is  30  cm"'  and  0.04 
cm"'  respectively.  Since  both  modes  have  approximately  the  same  confinement  factor 


146 


(4.06%,  4.08%)  in  the  QW  region,  the  odd  mode  will  reach  the  lasing  condition  at  lower 
current  and  hence  be  favored  in  this  structure. 

One  laser  facet  in  the  integrated  device  is  cleaved,  while  the  second  facet  is 
formed  by  dry  etching.  The  device  configuration  is  shown  in  the  micrograph  from  a 
scanning  electron  microscope  (see  Fig.  5.11).  The  device  fabrication  procedure  is  as 
follows.  First,  the  laser  region  is  protected  by  a  ~  300  nm  thick  SiN,;  mask,  therefore 
allowing  formation  of  the  second  facet  by  reactive  ion  etching  using  CH4:H2  (1:7)  gas 
mixture.  The  facet  etch  is  halted  midway  between  the  upper  and  lower  guides.  The 
scanning  electron  micrograph  shows  a  perpendicular,  very  smooth  dry-etched  facet. 
Next,  a  second  SiN,^  mask  is  deposited  to  allow  for  simultaneous  wet  etching 
(5/Citric;  I/H2O2  for  InGaAs  and  3/HCl:l/H2S04  for  InP)  of  the  laser  and  passive 
waveguide  ridges.  The  passive  waveguide  are  angled  at  T  with  respect  to  the  cleaved 
facet  to  reduce  reflections  back  to  the  laser  cavity.  After  this,  a  600  nm  of  SiN,  is 
deposited  for  laser  contact  isolation,  followed  by  a  e-beam  p-contact  metalization 
(200A/Ti,  500A/Pt,  3000A/Au)  on  a  pre-planarized  surface  using  a  polymer  photoresist 
(AK  4210).  Finally,  the  wafer  is  thinned  to  ~100  pm,  and  a  270A/Ge,  450A/Au, 
215A/Ni,  IOOOA/Au  n-contact  is  deposited  on  the  back  side.  After  n-contact  annealing 
(362  “C  for  90  seconds),  the  back  laser  facet  is  cleaved. 

Figure  5.12  (a)  shows  the  cleaved-facet  near-field  pattern  of  the  TG  laser  with  the 
absorption  (“loss”)  layer.  The  light  intensity  from  the  upper  and  lower  waveguides  is 
approximately  equal  and  the  center  region  is  dark,  as  expected  for  lasing  in  the  absence  of 
the  even  mode.  Figure  5.12(b)  shows  the  near  field  of  the  passive  Y-branch.  One  of  our 
devices  shows  that  45%  of  the  light  are  coupled  to  the  passive  waveguide  from  the  laser. 
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The  power  output  from  the  cleaved  side  is  9.4  mW  in  pulse  operation  (1%  duty  cycle) 
and  4.3  mW  output  from  the  passive  waveguide.  Figure  5.13  shows  the  light-current 
characteristic  of  a  TG  laser  with  a  5  pm  wide  ridge  and  1.2  mm  long  cavity.  The 
threshold  current  is  about  80  mA,  compared  to  a  threshold  current  density  of  1,300 
A/cm^.  The  inset  is  the  laser  spectrum  at  I,,,  and  21,,,  and  demonstrates  an  output 
wavelength  of  1.56  pm.  It  also  shows  multiple  longitudinal  modes  as  current  increases. 
The  passive  waveguide  has  about  3  cm*'  loss  due  to  our  deep  etching  in  processing,  and  it 
is  expected  to  reduce  significantly  if  a  shallow  ridge  waveguide  is  made  in  the  passive 
part. . 

To  further  investigate  the  effects  of  the  InGaAs  loss  layer,  we  measured  the 
transverse  far-field  pattern  of  TG  lasers  (both  sides  cleaved),  with  and  without  the 
intermediate  absorption  layer,  and  compared  these  measurement  to  calculations  in  Figs. 
5.14  and  5.15.  It  is  clear  that  without  the  absorption  layer,  lasing  occurs  on  both  the  even 
and  odd  mode;  while  the  device  with  the  absorption  layer  preserves  only  the  odd  mode. 
Figure  5.16  is  the  polar  plot  of  the  far-field  patterns  and  gives  an  intuitive  picture  about 
the  beam  shape  in  the  transverse  direction.  With  only  one  mode  present,  the  percentage 
of  the  light  in  the  upper  and  lower  guide  is  independent  of  the  cavity  length.  Hence,  the 
threshold  current  variation  for  a  laser/waveguide  in  TG  structure  without  the  loss  layer 
predicted  by  Refs.  5  and  8  does  not  exist  in  our  structure. 

Our  experiments  show  that  many  double-cleaved  TG  lasers  without  absorption 
layers  only  lase  in  the  odd  mode.  This  can  be  explained  by  the  difference  in  reflectivity 
of  the  even  and  odd  modes.  Figure  5.17  shows  the  calculated  effective  index  and 
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Fig.  5.13  L-I  curve  of  TG  lasers  with  laser  cavity  length 
~  1  mm  and  ridge  width  of  5  um. 


Normalized  Intensity  Nornalized  Intensity 


(a)  Calculation  results 


Transverse  Far  Field  Angle  (degree) 

(b)  Measurement  result 


Fig.  5.14  Far  field  pallcm  of  TG  lasers  without  absorption  layers. 
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Fig.  5.15  Far  field  of  odd  mode  from  TG  lasers 
with  the  absorption  layer 


The  even  mode  is  eliminated. 
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Fig.  5.16  Polar  plots  of  far-field  patterns. 


reflectivity  for  even  and  odd  modes  versus  the  separation  between  the  two  guides 
discussed  above.  For  our  materials,  the  separation  is  ~  600  nm,  where  the  reflectivity  of 
the  odd  mode  (37%)  is  higher  than  that  of  the  even  mode  (31%).  Further  investigation  is 
needed  to  clarify  the  effects  of  the  reflectivity  and  the  loss  layer  in  elimination  of  the  even 
mode.  For  example,  testing  devices  of  TG  materials  with  a  guide  separation  of  1  pm  to 
eliminate  the  reflectivity  difference,  as  shown  in  Fig.  5.17. 

Further  experiments  show  that  the  loss  layer  has  little  effect  on  the  odd  mode. 
Figures  5.18  and  5.19  show  the  threshold  current  density  and  inverse  external  efficiency 
versus  cavity  length  for  both-side-cleaved  3-QW  TG  lasers  with  and  without  absorption 
layers.  Also  shown,  for  comparison,  are  results  from  a  simple  3-QW  Febry-Perot  laser 
grown  by  the  same  GSMBE  process.  Both  the  threshold  current  densities  and  inverse 
external  efficiencies  of  TG  lasers  with  and  without  absorption  layers  are  found  to  be 
equal  to  within  experimental  accuracy.  This  implies  that  the  loss  layer  does  not 
significantly  affect  the  odd  mode.  Note  however,  the  threshold  current  densities  of  TG 
lasers  are  higher  than  that  of  simple  Febry-Perot  lasers  by  a  factor  of  2  to  4.  This  is 
attributed  to  two  sources.  First,  the  confinement  factors  of  QWs  for  TG  optical  modes 
are  about  half  of  that  in  the  conventional  lasers,  which  requires  the  QW  to  provide 
approximately  twice  the  gain  to  overcome  internal  and  output  losses.  Secondly,  at  high 
QW  gain,  the  ratio  of  gain  to  current  density  increases.  The  latter  is  shown  clearly  in  Fig. 
5.18  as  the  cavity  length  decreases  (or  alternatively,  as  the  output  loss  increases),  the 
threshold  current  density  increases  more  rapidly.  Note  that  we  also  observe  that 
conventional  lasers  lase  at  the  second  QW  level  when  the  laser  cavity  length  L  <  400  pm. 


155 


X9pu|  aAipeyg 


G> 

CO 

h- 

CD 

UO 

CO 

CN 

O 

G> 

CO 

CN 

C\I 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

T— 

T— 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

AiiAjpeipy 


Interstitial  Width 

Figure  5.17  Effective  index  and  reflectivity  versus  guide  separation  in  a  TG  structure. 
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Fig.  5.19  Efficiency  versus  different  cavity  length  for  regular  lasers, 
TG  lasers  with  and  without  absorption  layers. 


while  the  TG  laser  starts  to  lase  at  the  second  level  at  L  <  900  |im.  The  threshold  current 
density  in  the  TG  structure  can  be  reduced  by  introducing  more  quantum  wells,  which 
increases  the  active  region  confinement  factor,  thereby  bringing  the  lasing  condition  into 
the  low  gain/currerit-density  ratio  region.  From  the  slope  of  the  inverse  efficiency  versus 
cavity  length  data,  it  is  apparent  that  the  internal  losses  for  TG  lasers  with  and  without 
absorption  layers  are  higher  than  that  of  the  regular  lasers.  This  is  partly  due  to  the 
increased  free  carrier  absorption  loss  from  the  doped  second  guide.  Further  investigation 
is  underway  to  resolve  this  issue. 

In  summary,  we  describe  the  demonstration  of  an  integrated,  InGaAsP/InP  laser 
and  waveguide  Y-coupler  using  a  vertical  twin-waveguide  structure  operating  at  a 
wavelength  of  1 .55  pm.  The  coupling  efficiency  from  the  laser  to  the  passive  waveguide 
is  ~  45%,  which  is  much  higher  than  previously  reported  value[5].  A  novel  loss  layer  is 
proposed  to  gain  a  better  mode  control  by  eliminating  the  even  mode.  This  provides 
constant  light  feedback  and  coupling  without  increasing  the  threshold  current  density  or 
degrading  the  laser  efficiency.  This  length  independence  of  the  coupling  efficiency  also 
has  advantages  for  integrated  semiconductor  optical  amplifiers/waveguide  structures, 
where  the  gain  is  simply  a  monotonically  increasing  function  of  the  length  of  the 
amplifier  active  region.  This  is  a  first  step  toward  a  “platform”  technology  with  which  a 
variety  of  active  and  passive  devices  can  be  monolithically  integrated  together  on  a  single 
wafer  structure. 
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Appendix  1.  Phased  array  antennas  and  true-time  delay 


The  basic  concept  of  a  phased  array  antenna  is  shown  in  Fig.  Al(a).  The  N 
antenna  elements  are  placed  with  equal  spacing  in  a  linear  array  with  aperture  (N-l)d. 
For  transmitting  an  RF  beam,  the  microwave  signal  is  fed  with  different  phase  delays  to 
the  antenna  elements  with  phase  difference  (j)  between  adjacent  elements,  as  shown  in  the 
figure.  We  define  the  direction  perpendicular  to  the  linear  array  as  “broadside”.  Along  a 
given  direction  at  angle  0  to  the  broadside  (0  =  0),  the  radiation  from  each  antenna 

element  must  be  phase-shifted  by; 

(|)  =  27td  sin 0  /  A,  =  27rdf  sin 0  /  c  (Al) 

where  k  is  the  wavelength  of  the  radiating  microwave  beam,  f  is  the  frequency  and  c  is 
the  speed  of  the  microwave  radiation  in  vacuum.  Along  this  direction,  radiation  from 
every  antenna  element  is  in  phase,  and  the  beam  is  strongest  due  to  the  constructive 
interference.  A  phased  array  receiver  performs  the  reverse  operation,  where  the  various 
phase  delays  are  introduced  for  the  signals  received  from  individual  antenna  elements  to 
bring  them  all  in  phase  prior  to  summation  at  the  receiver  amplifier  electronics. 

Conventionally,  there  are  two  major  method  to  introduce  the  phase  delays:  one  has 
signals  of  different  frequencies  pass  through  phase  shifters  (usually  consisting  of 
ferromagnetic  materials)  [1-2]  with  approximately  the  same  phase  change;  the  other  uses 
different  lengths  of  cables  or  waveguides  which  introduce  time  delays.  The  second 
method  is  known  as  true-time-delay  (TTD).  For  signals  with  very  narrow  signal 
bandwidth,  the  performance  from  antennas  using  one  or  the  other  of  these  methods  are 
comparable.  When  the  signal  bandwidth  is  large,  however,  the  TTD  method  has  the 
advantage  of  avoiding  a  phenomenon  called  beam  squint.  From  Eq.Al,  it  is  clear  that  the 
radiation  direction  is  a  function  of  microwave  frequency.  When  frequency  changes,  the 
radiation  direction  for  that  antenna  array  also  changes,  leading  to  “beam  squint”.  For  the 
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Figure  A1  Schematic  Diagram  of  Phased  Array  and  True-Time  Delay 
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same  reason,  if  a  signal  has  a  large  instantaneous  bandwidth,  the  beam  can  not  focus  into 
a  single  direction.  The  change  of  the  radiation  angle,  A0,  versus  the  change  of  the  signal 

frequency  Af  can  be  expressed  by: 

Ae  = - (A2) 

2Tcdcos9f‘ 

where  the  negative  sign  indicates  that  as  frequency  increases,  the  angle  of  the  radiation 
decreases.  This  performance  degradation  can  be  avoided  by  introducing  true-time-delay, 
which  is  illustrated  in  Fig.  Al(b).  The  time  delay  between  adjacent  antenna  elements  is  t. 
Since  signals  with  different  frequencies  travel  with  approximately  the  same  speed,  they 
are  in  phase  along  0,  independent  of  frequency: 

t  =  d  sin  0  /  c .  (A3) 

True-time  delay  systems  are  free  from  beam  squint  and  hence  have  the  large 
instantaneous  bandwidth  desired  for  most  advanced  multibeam,  multi-frequency  antenna 
systems  currently  envisioned. 
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Appendix  2:  Coherent  Receiver  Array  Operation 

A  coherent  receiver  detects  the  beat  between  the  incident  optical  signal  and  the 
LO  signal.  For  the  simple  case  of  amplitude  modulation,  the  normalized  beat  signal 
is  : 

i{t)  =  (1  +  7nx(t))  sm{ujjFt  +  cj)) 

where  m  is  the  modulation  index,  x(t)  is  the  modulating  signal,  (j)  is  the  phase  dif¬ 
ference  between  the  incoming  signal  and  the  LO,  and  uip  is  the  frequency  difference 
between  the  optical  carrier  and  the  LO  signal,  i.e.  the  intermediate  frequency  (IF). 
Assume  that  one  optical  receiver  is  used  to  detect  signals  from  two  antenna  elements 
simultaneously.  The  transmitter  lasers  associated  with  the  antenna  elements  there¬ 
fore  have  to  be  tuned  to  the  same  frequency,  so  that  both  the  detected  signals  have 
the  same  intermediate  frequency.  Under  this  condition,  and  for  an  ideal  situation 
where  the  beat  between  the  two  incident  signals  and  all  other  noise  are  neglected,  the 
IF  signal  is  : 

i{t)  =:  (1  +  mx{t))  sin{uJiFt  +  $i>i)  +  (1  +  mx(t))  sm{uJiF't  +  ^2)  , 

If  <f>i  =  ^2  d:  TiTT,  where  n  is  an  even  integer,  then  the  demodulated  signal  would  be 
2mx(t),  which  is  desirable.  But  if  =  ^2±n7r,  where  n  is  an  odd  integer,  the  demod¬ 
ulated  signal  would  be  zero.  Thus,  to  get  the  desired  signal,  both  and  (^2  have  to  be 
controlled  very  precisely.  First,  it  requires  an  optical  phase-locked-loop  to  control  the 
relative  phases  of  the  two  lasers.  Second,  the  optical  paths  from  the  two  transmitter 
lasers  to  the  same  receiver  has  to  be  controlled  to  sub-micrometer  precision  so  that 
the  optical  phase  difference  between  the  two  incoming  optical  signals  is  approximately 
2n7r,  where  n  is  an  integer.  The  system  is  further  complicated  since  for  some  detecting 
directions,  some  lasers  must  be  phase  locked,  and  for  other  directions,  different  lasers 
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need  phase-locking.  Meeting  all  of  these  requirements,  where  one  coherent  optical 
receiver  receives  signals  from  several  antenna  elements  simultaneouly,  is  very  difficult 
to  achieve  using  present  techniques.  Therefore  ,  in  the  coherent  system  proposed,  lor 
each  beam  direction,  one  receiver  is  used  to  receive  and  demodulate  the  signal  from 
each  antenna  element. 
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Appendix  3:  Number  of  Delay  Lines  Needed  in  the  Antenna  in  Fig.  2.3(a) 

We  now  investigate  how  many  delay  lines  are  needed  for  the  antenna  receiver 
shown  in  Fig.  2.3(a).  For  any  receiving  direction,  the  delays  for  the  antenna  ele¬ 
ments  1  to  M  must  increase  or  decrease  monotonically  and  as  uniformly  as  possible, 
although  there  may  be  digitalization  errors.  The  system  has  N  different  digital  delays 
corresponding  0,  At,  2Ai,  {N  —  l)Ai.  We  define  DEi  as  the  delay  for  antenna 
element  i,  where  i  =  1,  2,  ...M.  The  system  can  detect  [2N  —  1)  directions  which 
correspond  to  DEi  —  DEm  as  —{N  —  l)Ai,  —{N  —  2)At,  ...,  0,  At,.,.,  {N  —  l)At. 

Detecting  signals  from  broadside  requires  DEi  —  DEm  =  0.  In  this  case,  the 
system  needs  M  identical  delays  of  OAt.  For  DEi  --  DEm  =  d=  At,  half  of  the  antenna 
elements  need  to  be  fed  delays  OAt,  and  the  other  half  need  At.  For  these  three 
directions,  the  system  therefore  requires  M  delays  OAt  and  [M/2]  delays  At,  where 
[M/2]  is  the  least  integer  that  is  not  less  than  M/2.  For  the  same  reason,  for  DEi  — 
DEm  —  —  l)At,  the  system  needs  [M/k]  delays  (k  —  l)At.  For  M  =  N  the  total 

number  of  delay  lines  the  system  needs  is  M  +  [M/2]  +  [M/3]  + ...[M/k]  + ...  + 1,  which 
equals,  approximately,  MlnM  for  large  M.  For  N  >  M,  when  \DEi  —  DEm\  <  MAt, 
it  is  the  same  situation  as  the  N  =  M.  When  \DEi  —  DEm\  >  MAt,  there  are  no 
identical  delays  needed  for  the  same  direction.  In  this  case,  the  system  only  needs 
one  delay  line  for  each  delay  from  MAt  to  {N  —  l)At.  Therefore,  the  total  number 
of  delay  lines  is  N  —  M  +  MlnM. 
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Appendix  4;  Number  of  Delay  Lines  Needed  in  the  Antenna  in  Fig.  2.3(b) 

The  definitions  for  M,  N  and  requirements  for  the  delay  feed  are  the  same  as  in 
Appendix  3.  We  define  the  delays  associated  with  antenna  elements  in  Fig.  2.3(b) 
as  “pre-delays”,  and  the  delays  associated  with  each  receiver  as  “post-delays”.  If  one 
receiver  receives  a  signal  from  one  antenna  element,  the  effective  delay  is  the  sum 
of  the  corresponding  pre-  and  post-delays.  An  array  receiver  structure  requires  that 
for  a  given  pre-delay  arrangement  for  antenna  elements  1  to  M,  and  for  any  desired 
signal  receiving  direction,  there  always  exist  M  receivers  to  receive  signals  from  their 
respective  antenna  elements  so  that  the  effective  delays  meet  the  requirements  for 
that  particular  direction. 

Assume  a  receiver  structure  as  the  following:  let  N  =  jM,  where  j  is  a  positive 
integer.  The  pre-delays  for  antenna  elements  from  1  to  M  are: 

elements:  1  2  ...  [^/2]  [M/2]  +  1  ...  M 

pre-delays  :  0  j  +  1  ...  {[M/2]  ~  l)(j  +  1)  [{M  —  l)/2]{j  -f  1)  1  ...  1. 

(unit:  At) 

Prom  antenna  element  1  to  [M/2],  and  from  [M/2]-f  1  to  M,  the  pre-delays  increase 
and  decrease,  respectively,  with  spacing  {j  -f  l)At.  Let  [Y]  be  the  least  integer  that 
is  not  less  than  Y.  The  available  post-delays(in  units  of  At)  are  “(j+1),  -j,  ..-2,  -1,  0, 
0,  1,  1,  ...,  ([M/2]-l)(j+l),  ([M/2]-l)(j+l),  ([M/2]-l)(j+l)+l,  ([M/2]-l)(j+l)-f2,  ..., 
(2j-f  l)[M/2]-(jH-2),  (2j  +  l)[M/2]-(j+l).  The  total  number  of  delays  X  is  (3j+2)[M/2]- 
(j+1).  For  M  even,  X  ==  (1.5;  -f  1)M  -  (;  +  1)  <  (L5  -f  l/j)N]  and  for  M  odd, 
X  =  (1.5;  +  1)M  -|-  0.5;'.  So  X  is  approximately  equal  to  (1.5  +  l/j)N  for  either  case. 
For  each  receiving  direction,  the  effective  delay  for  the  element  [M/2]  is  kept  as  the 
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constant  ([Af/2]  —  l)(j  +  1).  Now  we  prove  that  the  above  structure  can  perform  all 
the  required  detections. 

(1)  We  call  element  1  to  [M/2]  as  the  first  half,  and  [M/2]+l  to  M  as  the  second 
half  of  the  array.  The  delays  for  antenna  elements  1  to  M  either  increase  or  decrease 
monotonically,  and  element  [M/2]  is  the  mid-point  with  the  constant  delay  ([M/2]  - 
l)(i  +  l)Ai.  Thus  for  each  antenna  direction,  effective  delays  exceeding  ([M/2]  — 
l)(j  -f-  l)At  can  only  be  used  for  the  first  or  second  half  of  the  array.  The  largest 
post-delay  needed  is  then  [M/2]j  At  -j-  ([M/2]  —  l)(j  -f  l)At,  which  corresponds  to 
the  farthest  angle  away  from  broadside  direction,  where  the  delay  difference  between 
adjacent  elements  is  jAt. 

(2)  Now  we  prove  that  from  element  1  to  [M/2],  for  every  receiving  direction, 
the  required  post-delays  are  different,  and  the  shortest  required  post-delay  is  zero. 
We  know  the  required  effective  delays  for  element  1  to  M  either  increase  or  decrease 
monotonically  and  as  uniformly  as  possible.  With  N  =  jM,  the  largest  delay  dif¬ 
ference  required  between  adjacent  antenna  elements  is  jAt.  Here,  the  pre-delays  for 
elements  1  to  [M/2]  increase  with  equal  difference  (j  +  l)At,  which  is  greater  than  the 
largest  difference  required.  For  any  receiving  direction,  whether  the  required  effective 

c 

delays  increase  or  decrease  monotonically,  the  post-delays  fed  to  elements  1  to  [M/2] 
must  decrease  monotonically,  with  the  delay  difference  between  adjacent  elements  at 
least  At.  Thus,  for  each  direction,  no  two  post-delays  for  elements  1  to  [M/2]  are  the 
same.  Since  the  post-delays  for  element  [M/2]  are  always  kept  at  zero,  the  shortest 
post-delay  required  here  is  zero. 

For  the  same  reason,  the  post-delays  fed  to  elements  [M/2]-l-l  to  M  must  increase 
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monotonically,  and  among  them  no  two  can  be  the  same  for  each  direction.  The 
shortest  delay  needed  is  for  the  element  [M/2]+l,  when  its  effective  delay  is  jAt 
shorter  than  that  for  the  element  [M/2].  This  delay  is  — (j  +  l)Af  for  M  is  even,  and 
0  for  M  is  odd.  (  The  negative  delay  here  is  shorter  than  the  length  of  the  fiber  which 
we  define  as  zero  delay,  and  does  not  actually  correspond  to  negative  length.) 

(3)  From  the  conclusion  of  (1)  and  (2),  we  know  that  all  the  post-delays(in  units 
of  At)  needed  are: 

I.  from  -(j+1)  to  -1,  one  for  each; 

II.  from  ([M/2]-l)(j+l)  to  [M/2]jAt  +  ([M/2]  -  l){j  +  l)At,  one  for  each; 

III  from  0  to  ([M/2]-l)(j+l)-l,  at  most  two  for  each. 

Thus,  the  total  number  of  post-delays,  i.e.  the  total  number  of  optical  receivers 
needed  is  (3;  +  2)[M/2]  —  (;  +  1),  which  is  approximately  equal  to  (1.5  +  llj)N. 

For  j  not  an  integer,  we  could  make  the  arrangement  for  the  pre-delays  almost 
the  same  as  the  above  while  the  difference  between  the  adjacent  antenna  elements  is 
([i]  +  Then  due  to  the  same  reasoning,  the  total  number  of  delay  lines  needed 

is  approximately  (3[j]  -|-  2)[M/2]. 
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Appendix  5  Ridge  Laser  Fabrication 

Here,  we  use  SiN^  as  the  isolation  dielectric  material. 

1.  Sample  cleaving  and  washing 

Lap  back  side  of  the  wafer  and  take  off  the  indium. 

TCE  (hot  stirring,  100-110  “C,  5min,  twice)- ACE  (5  min  twice)  -ISO  (hot  stirring, 
100-110  “C,  5  min,  twice)— blow  dry — turgitol  swab — D.I.  water  rinse— blow  dry 

2.  Ridge  etching  (3,  5,  or  10  mm  pattern) 

1)  Deposition  of  2000  A  silicon  nitride  using  PECVD  (Plasma  Enhanced  Chemical 
Vapor  Deposition) 

right  chamber  (PECVD  chamber),  first  wipe  chamber  with  ISO  (beginning  of  the 
day),  set  standby  temperature  at  250  C,  run  program  DEPPREP.PRC  &  load 
sample  and  do  sin250.prc  (set  deposition  time  at  8:30’)  or  : 

—  back  etch  (beginning  of  a  day):  purge  CF4,  900  mTorr,  200  W,  5  min 
— flow  N2  500  mTorr,  200  seem,  1  min 
— SINAP:  250  C,  NH3  @  50  seem  100  mTorr,  28  W,  30  sec 
— flow  N2  500  mTorr,  200  seem,  1  min 

—250  “C,  900  mTorr,  N2  @  120  seem,  SiH4@120,  NH3@35,  20  W  for  8'30'’ 

— flow  N2  500  mTorr,  200  seem,  4  min 

2)  photolithography  for  ridge  etching  (using  the  nitride  as  mask) 

prebaking  1 10  C  /lO  min.  to  1  hour  or  5  min.  hard  bake  on  250  °C  hot  plate(  this 
is  critical  for  P.R.'s  adherence  on  nitride)  or  directly  put  the  sample  on  the 
spinner  right  after  the  250  °C  deposition  (in  the  later  case,  the  sample  has  to  be 
cooled  down  by  blowing  of  a  gas  gun) 

— spin  on  HMDS  4k  rpm  /  40s  (adhesion  promoter)  —  AZ4210  4k  rpm  /  40s 
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— hard-baking  105  °C  /3  min. 

—align  the  mask  for  the  ridge,  the  ridge  should  be  perpendicular  to  the  long  axis 
of  the  oval  defects,  or  do  test  piece  to  find  out  the  proper  ridge  orientation; 
exposure  3.7-3. 8  s  (making  the  ridge  as  the  dark  area ,  5  mm,  etc.) 

—develop  in  3.5:1  (water:AZ400)  for  1-1.5  min.— check  under  a  microscope 

3)  etch  the  nitride  to  make  ridge  mask  (program  ETCH2000.PRC) 

02  @50sccm,  100  mTorr,  lOOW  for  1  min  to  clean  up  photo  resist 
— CF402  @  50  seem,  100  Torr,  55  W  for  1'30"  to  etch  off  all  nitride 
— check  under  microscope  to  see  if  all  nitride  is  gone  (color) 

— clean  PR — dek-tak 

4)  dry-etch  (InGaAs  and  InP)  and  selective  etch  InP  to  shape  the  ridge  (  first  use 

program  ECHPREP.PRC  to  clean  the  chamber  without  the  sample  inside,  then 
RIE  200W.PRC,  left  chamber,  i.e.  the  RIE  chamber).  With  this  way,  it  is  fast 
and  the  beginning  of  the  ridge  has  a  good  shape.  The  RIE200W.PRC  has  the 
following  procedures  1-8: 

1 .  low  vacuum,  keep  1'30" 

2.  50  mTorr,  CH4  @  4  seem,  H2  @  28  seem  for  30" 

3.  keep  step  2,  power=200  W  for  certain  time  (  3000  angstrom  InP  can  be  etched 
off  within  5  minutes) 

4.  low  vacuum  for  20" 

5.  N2  purge,  500  mTorr  for  30" 

6.  low  vacuum  for  20" 

7.  02  @  20  seem,  35  mTorr  for  30s 

8.  keep  step  7,  power=150  W  for  3'  (etch  off  some  organic  deposition  during  the 
InP  etching)  If  the  color  changes  from  blue  to  yellow,  then  the  process  is  done. 
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9.  Using  selective  etch  HCl :  H3PO4  (3:1)  to  get  rid  of  the  InP  layer.  ^ 

5)  Buffered  oxide  etch  (10:1)  to  etch  off  the  rest  nitride  (1  min  for  300  A)  Dek-tak 
to  make  sure  or  use  dry  etch: 

CF402  @  50  seem,  100  Torr,  55  W  for  TOO"  o  etch  off  all  nitride. 

3.  Metal  contact 

Using  SiN^  as  isolation  layer,  and  Photoresist  as  the  way  for  planarization. 

1)  deposition  of  6000  A  of  SiNx  on  top  of  the  sample  where  the  sample  ridge  is 
usually  1  to  1.2  mm.2  (DEPPREP.PRC,  then  load  sample  and  do  25’  deposition 
using  step  2.1). 

2)  put  on  HDMS,  spin  4k/min,  40s. 

3)  put  on  AZ4210,  spin  from  0  to  4k/min,  40s.  (this  will  give  a  more  flat  surface,  for 
a  12,  000  A  ridge,  this  step  will  bring  the  height  different  to  2,  000-3,000  A 

4)  hard  bake  for  3  min. 

5)  02  plasma  to  etch  away  the  photoresist  on  the  top  of  the  ridge. 

02  at  100  mTorr,  lOOW,  50  seem  for  6’  then  each  time  30-40s  (the  time  needed 
depends  on  the  size  of  the  wafer,  width  of  the  ridge,  etc.).  If  it's  done,  the  ridge 
will  be  clean  and  white  seen  from  the  microscope.  Otherwise,  there  will  be  dot 
stripe  on  it.  Try  to  etch  additional  time  if  it  is  still  not  clean.  For  one  layer  of 
photoresist,  it  is  about  2  um  thick  and  need  approximately  7-8  minutes  to  etch  off. 
(etching  rate:  3,000  A/min) 

6)  etch  off  the  SiNx  on  top  of  the  ridge  using  CF4  plasma,  in  RIE. 

7)  wash  off  the  Photoresist  with  ACE-ISO. 

8)  photolithography  for  contact  paddOO  um  pad  width) 


*  Usually  there  is  etch  stop  layer  about  2000  A  above  the  1  region.  Otherwise,  dry-etch  is  used  to  control 
the  etching  depth. 

2  If  the  ridge  is  higher,  use  thicker  photoresist  (like  AZ  4330,  or  AZ  4610)  to  get  better  planarization. 
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prebaking— spin  on— postbaking— tolurene(5  min)  —exposure  for  contact  pad, 
alignment  to  the  ridge  (keep  the  ridge  toward  one  edge  of  the  pad)  —develop 
check  the  undercut  under  the  microscope 
7)making  contact  pad  with  angle  deposition 

dip  in  H2S04  (1:6)  for  10  sec.  to  remove  any  possible  oxidation  layer  (for  P 
type  contact  preparation) 

_ put  in  the  E-beam  machine  with  an  angle  holder  by  Mung,  the  wider  area  of 

the  pad  divided  by  the  ridge  should  face  down  (facing  the  evaporation),  rotate 

the  holder  while  evaporating,  get  200  A  Ti,  500  Pt,  3000  A  gold 

—lift  off  in  ACE-ISO— 02  plasma  300  mTorr,  100  W,  4  min. —  checking 

4.  Device  isolation  (10  mm  wide,  and  etch  to  the  n  region)^ 

If  we  need  to  pack  one  device  each  time,  or  do  not  care  too  much  about  the 
leakage  current,  this  step  can  be  skipped. 

1)  photolithography  for  isolation  (this  time  use  the  light  field  of  10  mm  stripes) 

2)  etch  off  the  SiNx  using  CF4  in  PECVD  (see  2.3  for  the  detail — check  the 
profile  under  the  microscope 

3)  add  2  drops  of  H202'in  old  HBr  solution  for  total  10-20  min— check  under  the 
microscope  to  see  the  width  of  undercut  to  make  sure  the  right  depth  is 
reached.  (If  the  HBr  solution  is  old,  then  the  etching  time  should  be 
shortened.) 

4)  wash  off  the  P.R.:  ACE,  ISO-02  plasma 

5.  Back  contact 

1)  Load  the  sample  for  back  lapping 

—make  a  small  piece  of  Mala  with  a  hole  which  can  accommodate  the  sample 


3  Sometimes,  this  step  is  not  absolutely  necessary. 
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— at  200C,  put  black  wax  on  a  glass  cover,  put  the  Mala  on  top  of  it, 

— put  the  sample  upside  down  in  the  hole  of  the  Mala,  get  down  the  glass  cover 
from  oven,  and  press  the  Mala  and  sample  to  drive  off  gas  and  make  them  flat 
— put  a  round  thick  glass  at  140°C  and  put  white  wax  on  it 
— put  the  glass  cover  on  the  thick  glass,  get  it  down  and  make  the  thin  glass  flat 

2)  lap  the  sample  to  4-6  mil  (1  mil=l  thousandth  inch=25.4  mm) 

3)  clean  the  sample 

get  the  sample  down  from  the  thick  cover — get  off  the  Mala-TCE  to  get  off  the 
wax  on  the  glass  cover-TCE,  ACE,  ISO,  DI,  turgitol,  DI  to  clean  the  sample 
together  with  the  glass  cover — dip  the  sample  in  HCl  (6:1)  for  6  sec,  rinse  it  and 
blow  dry 

4)  put  back  contact  in  E-beam. 

Ge:Au:Ni:Au  (270,450,  215,  1200  A) 

5)  get  the  sample  out  of  the  black  wax  on  a  hot  plate,  clean  the  sample  with  TCE- 
ACE-ISO-turgital-water. 

6)  n-contact  annealing 

Check  the  annealing  controller  state  (make  sure  the  60  Hz)  -  load  the  sample  - 
turn  on  the  foaming  gas  and  the  cooling  gas  -  execute  the  "NCON.RSP"  program 
-  wait  until  the  temperature  drop  down  to  70  C. 

6.  Sample  cleaving  and  testing 

Notes:  in  this  processing  recipe,  photoresist  is  used  for  planarization.  But  we  can  also 
directly  use  polyimide  as  isolation  layer  and  at  the  same  time  as  the  planarization  layer. 
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Appendix  6  The  Processing  for  Laser-Electroabsorptive  Modulator 

The  masks 


For  making  of  Laser-Electroabsorptive  modulators,  we  need  10  masks,  they  are 
saved  in  Tsingdao\ocm\xu\toad\ea-mod\las-mod.dwg. 

The  layers  are: 


Layer  name 

Field  type 

active-area 

clear 

act-protect 

clear 

waveguide 

clear 

mod-protect 

clear 

iso-coat 

clear 

isolation 

dark 

side-hole 

dark 

laser-cont 

dark 

mod-cont 

dark 

HR-coat 

dark 

whole-active 

dark  &  clear  (two  sets) 

The  Processing  Steps 


1.  Pattern  the  active  area  (mask  “ACTIVE- ARE  A”); 

1)  Deposit  2,000  A  SiNx. 

2)  Photolithography  to  pattern  the  SiNx. 

The  patter  is:  (maybe  tilted  for  SOA,  see  the  diagram  for  processing  the  active 
region.) 

3)  Etch  the  silicon  nitrite  not  covered  by  the  photoresist. 

4)  wash-off  the  photoresist. 

5)  dry  etching  (CH4/H2)  down  to  1000  A  above  of  the  n+  InGaAs. 

(If  a  good  facet  is  needed,  use  high  power  to  get  a  better  directivity  of  the 
plasma.  A  wet  etched  test  piece  is  required.) 

6)  strip  off  SiNx.  (Maybe  dry-etching  to  keep  the  good  facet.) 
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2  Use  “ACT-PROTECT”  as  the  mask  for  photolithography  to  protect  the  whole  area  A 
(the  active  area),  then  wet  etch  the  InP  on  top  of  the  InGaAs  using  wet  etch.  Take  off  the 
P.R.  and  SiNx. 

3  Take  off  the  photoresist  and  SiNx.  Grow  a  4000  A  layer  of  SiNx,  transfer  the  mask 
“WAVEGUIDE”  to  SiNx  shape  the  ridge.  Use  wet  etch  of  Citric  Acid:  H2O2  first  to  take 
off  the  InGaAs  beside  the  waveguide,  then  HCl:  H3PO4  to  take  off  InP. 

3.  Making  the  waveguide  structure 

1)  Ridge  patttem,  4000  A  SiNx,  pattern  the  SiNx  as  the  waveguide 
(“WAVEGUIDE”  mask)  and  protect  the  etched  fact  of  lasers. 

2)  Citric  acid  wet  etch  InGaAs  on  region  2  layer  1,  layerS  on  region  3. 

3)  Hcl:  H2S04  (3:1)  wet  etch  layer  2  (p-InP)  on  region  2,  and  layer  6  (n-InP)on 
region  3,  layer  4  on  region  1 . 

After  this,  area  1  is  on  top  of  InGaAs,  the  S*  layer;  area  2  is  on  top  of  the  3'**,  I  layer; 
the  surface  of  area  3  is  the  7"’  layer,  I  layer.  So  the  ridges  are  formed  well. 

4.  Put  down  the  isolation  layer  for  metal  contact. 

1)  without  taking  off  the  old  SiNx,  grow  about  6,000  A  SiNx. 

2)  with  “Act-protect”  mask,  using  photo-resist  to  protect  the  active  area  and  etch 
off  about  2000  A  SiNx  in  the  modulator  area. 

5.  Make  the  ridge  contact  for  laser  ridge: 

1)  Spin  on  4210  photoresist  0-4K  spin  twice  (or  4330  once). 

2)  Deposit  SiO  about  1000  A  using  E-beam. 

3)  photolithography  “MOD-PROTECT”  for  covering  the  modulator  region. 

4)  CF4  dry  etching  the  SiO.  (100  mTorr,  50  seem,  100  W) 

5)  02  plasma  to  etch  photoresist  to  expose  the  top  ridge. 

6)  SiNx  etch 

7)  ACE  to  lift  off  the  SiO  on  lower  ridge  and  wash  off  photoresist. 

8)  P  metal  contact  for  the  top  region. 

6.  Make  the  ridge  contact  for  lower  ridge  (modulator)  and  the  grounding  contact  for  laser; 

1)  Spin  on  4210  photoresist  0-4K  spin  twice. 

2)  Deposit  SiO  about  2000  A  using  E-beam. 

3)  photolithography  for  covering  the  active  region.  ( mask  “ACT-PROTECT”) 

4)  CF4  dry  etching  the  SiO. 

5)  02  plasma  to  etch  photoresist  to  expose  the  bottom  ridge. 

6)  SiNx  etch 

7)  wet  InP  etch  and  stop  at  InGaAs. 

8)  ACE  to  lift  off  the  SiO  on  top  ridge  and  wash  off  photoresist. 


176 


9)  Dig  a  hole  on  nitrite  beside  the  active  ridge  for  N  contact  of  the  active  region.  ( 

mask  “SIDE-HOLE”) 

10)  N  metal  contact  “MOD-CONT”. 


7.  Make  isolations  between  laser  area  and  modulator  area. 

1)  Dry  etch  to  take  off  SiNx  not  covered  by  metal,  then  deposit  another  2000  A 
SiNx 

(this  step  can  totally  ignored  if  the  device  requirement  is  not  so  critical) 

2)  Use  “ISOLATION”  mask  to  open  a  hole  on  SiNx  between  modulators  and 
lasers. 

3)  Diffusion  to  make  isolation  (p-type  dopant  to  isolate  the  heavily  doped  N 
layers) 

4)  Dry-etch  to  take  off  SiNx 

8.  High  reflection  coating  for  half-etched  facet. 

1)  1000  A  SiNx. 

2)  Pattern  SiNx  with  P.R.  and  mask  “ISO-COAT”  around  the  etched  facet. 

3)  Spin  on  P.R.  and  pattern  it  with  “HR-COAT”. 

4)  Deposit  500  A  gold. 

5)  lift-off 

9.  Lapping  back  side  and  make  back  P  contact  (Ti:Pt:Au). 
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Appendix  7  The  processing  steps  of  twin-guide  TOAD 
The  structure  of  the  material;  (Fig.  A2) 

The  processing  procedure: 

1 .  Pattern  the  active  area: 

1)  Deposit  2,000  A  SiNx. 

2)  Photolithography  to  pattern  the  SiNx. 

The  patter  is:  (maybe  tilted  for  SOA,  see  the  diagram  for  processing  the  active 
region.) 

3)  Etch  the  silicon  nitrite  not  covered  by  the  photoresist. 

4)  wash-off  the  photoresist. 

5)  dry  etching  (CH4/H2)  down  to  top  of  the  n+  InGaAs. 

(If  a  good  facet  is  needed,  use  high  power  to  get  a  better  directivity  of  the 
plasma.  A  wet  etched  test  piece  is  required.) 

6)  strip  off  SiNx.  (Maybe  dry-etching  to  keep  the  good  facet.) 


2.  Making  the  waveguide  structure 

1)  Ridge  patttem,  3000  A  SiNx,  pattern  the  SiNx  as  the  waveguide. 

2)  Citric  acid  wet  etch  InGaAs  on  region  A,  layer  1 . 

3)  Hcl:  H2S04  (3:1)  wet  etch  layer  2  (p-InP)  on  region  A,  and  layer  4  (n-InP)on 
region  B. 

4)  Dry-etch  layer  3  on  region  A  and  layer  5  and  part  of  6  on  region  B. 

5)  Hcl:  H2S04  (3:1)  wet  etch  layer  4  on  region  A,  and  layer  6  on  region  B. 

(here  we  wish  the  layer  6  including  the  active  layer  and  several  hundred 
run 

cladding  layer  which  is  also  i) 

6)  Strip  SiNx.  (We  may  keep  this  SiNx  to  make  the  following  planarization 
step  easier.) 

Final  results  see  the  ridge  making  processing  steps. 

3  Isolations  using  ion  implantation  or  diffusion. 

4.  Deposit  thick  SiNx  (4000  A)  for  contact  isolation.  (Thick  enough  to  cover  both  the  I 

region.) 

5.  Make  the  ridge  contact  for  higher  ridge: 

1)  Spin  on  4210  photoresist  0-4K  spin  twice. 

2)  Deposit  SiO  about  2000  A  using  E-beam. 
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(a)  Schematic  diagram  of  the  material  structure  for 
TG  TOAD. 


(b)  Schematic  processing  layout  for  TG  TOAD. 


Fig.  A2  The  TG  TOAD  processing  diagram. 
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3)  photolithography  for  covering  the  lower  ridge  region. 

4)  CF4  dry  etching  the  SiO.  (100  mTorr,  50  seem,  100  W) 

5)  02  plasma  to  etch  photoresist  to  expose  the  top  ridge. 

6)  SiNx  etch 

7)  ACE  to  lift  off  the  SiO  on  lower  ridge  and  wash  off  photoresist. 

8)  P  metal  contact  for  the  top  region. 

6.  Make  the  ridge  contact  for  lower  ridge  and  the  grounding  contact  for  SOA: 

1)  Spin  on  4210  photoresist  0-4K  spin  twice. 

2)  Deposit  SiO  about  2000  A  using  E-beam. 

3)  photolithography  for  covering  the  active  region. 

4)  CF4  dry  etching  the  SiO. 

5)  02  plasma  to  etch  photoresist  to  expose  the  bottom  ridge. 

6)  SiNx  etch 

7)  wet  InP  etch  and  stop  at  InGaAs. 

8)  ACE  to  lift  off  the  SiO  on  top  ridge  and  wash  off  photoresist. 

9)  Dig  a  hole  on  nitrite  beside  the  active  ridge  for  N  contact  of  the  active  region. 

1 0)  N  metal  contact 

7.  take  off  nitrite  on  the  area  not  covered  by  metal. 

8.  Maybe  facet  etching  (dry-etching,  35ARIE.PRC,  higher  RF  power,  better  directivity.) 

9.  Lapping  back  side  and  make  back  P  contact  (Ti:Pt:Au). 
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A  Coherent  Optically  Controlled 
Phased  Array  Antenna  System 

P.  M.  Freitag  and  S.  R.  Forrest 


Abstract-^K  true-time  delay,  optically  controlled  phased  array 
antenna  system  whereby  a  large  number  (100-2500)  of  antenna 
elements  can  receive  a  series  of  microwave  delays  via  use  of 
a  coherent  optical  carrier  signal  is  described.  Both  transmit 
and  receive  antenna  arrays  are  described,  and  the  signal -to- 
noise  ratio  for  a  128  channel  system  is  calculated  to  be  ~40 
dB  with  an  optical  link  loss  of  only  ~3  dB  for  a  1  GHz 
instantaneous  bandwidth  at  a  wavelength  of  A  =  1.55  //m.  It  is 
shown  that  the  use  of  coherent  optically  controlled  phased  array 
antennas  provide  improved  controllability  and  immunity  from 
noise  and  system  losses  over  other  architectures  currently  being 
investigated. 

I.  Introduction 

PTICALLY  controlled  phased  antenna  arrays  are  cur¬ 
rently  hampered  by  the  extreme  complexity  required 
in  efficiently  transmitting  several  hundred  microwave  delays 
from  the  controller  to  the  antenna  array.  These  difficulties  are 
compounded  by  the  demands  of  modem  phased  array  systems 
including  extremely  high  bandwidth  broadcast  frequencies 
(ranging  from  20-60  GHz  requiring  up  to  1-GHz  instantaneous 
bandwidth  per  channel),  stringent  requirements  on  signal-to- 
noise  and  dynamic  range,  clutter  cancellation,  and  the  need 
for  null  steering  and  generating  multiple,  squint-free  beams 
at  different  frequencies  [1].  Most  architectures  distribute  a 
series  of  time  or  phase  delays  to  the  antenna  network  [1],  [2] 
via  an  optical  switching  matrix  followed  by  amplifiers  which 
compensate  for  loss  (sometimes  approaching  100  dB  in  large 
scale  arrays).  One  difficulty  encountered  by  this  architecture 
is  that  all  fibers  which  transport  the  microwave/optical  signals 
from  the  input  to  antenna  terminals  must  be  of  the  same  length 
so  as  not  to  introduce  extraneous  delays,  or  noise.  Hence,  these 
architectures  have  been  proven  to  be  limited  by  losses,  they  are 
difficult  to  implement,  bulky,  and  costly.  We  describe  a  novel 
architecture  based  on  the  coherent  optical  transmission  of 
signals  from  input  to  antenna  array,  and  vice  versa.  The  system 
is  based  on  coherent,  multichannel  broadband  transmission 
networks  which  have  been  investigated  for  applications  to 
telecommunications.  A  128-element  system  can  have  a  signal- 
to-noise  ratio  (S/N)  ratio  as  high  as  ~40  dB  with  an  optical 
link  loss  of  only  ^3  dB  at  a  wavelength  of  A  =  L55/^m  and 
an  instantaneous  bandwidth  of  1  GHz. 

Fig.  1  is  a  schematic  diagram  of  the  transmitter.  In  an  in¬ 
tensity  modulated  scheme,  the  microwave  signal  at  frequency 
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Fig.  1 .  Schematic  diagram  of  a  coherent  phased  arraytransmitter  antenna. 


a;^/27r  modulates  the  output  of  the  wavelength-tunable  laser 
array  to  generate  a  signal,  The  signal  which  is 

delayed  by  k  time  increments,  Ai,  is  tranmitted  by  a  laser 
tuned  to  emit  at  optical  frequency,  cjofc.  Hence,  the  signal 
delayed  by  kM  is  given  by  (ignoring  quadrature  terms): 

A  kAt)]smuJokt-  This  signal,  along  with  the 
n-1  other  tunable  delays,  are  then  combined  onto  the  single 
transmission  fiber.  Essentially,  a  “look-up  ’  table  is  created 
that  associates  n  optical  frequencies  with  n  delays  of  length 
/cAT  The  signals  are  combined  using  couplers  with  optical 
amplifiers  which  compensate  for  combiner  losses  and  prevent 
degradation  of  S/N.  Either  erbium  doped  fiber  amplifiers 
(EDFA’s)  or  semiconductor  optical  amplifiers  (SOA’s)  can  be 
used  in  this  application.  Advantages  of  the  EDFA  are  a  higher 
S/N  than  for  SOA’s,  whereas  SOA’s  offer  a  higher  degree  of 
device  integration.  Here,  we  examine  the  EDFA  approach. 

After  transmission  on  the  fiber,  the  signals  are  distributed  to 
the  coherent  receivers  using  an  n  x  1  splitter.  Again,  optical 
amplifiers  compensate  for  splitter  loss  and  prevent  undue  S/N 
degradation.  At  the  antenna  end,  each  of  the  n  optical  signals 
are  incident  on  n  receivers,  along  with  n  LO  signals  that  are 
tuned  to  provide  receiver  1  with  frequency  WoU  receiver  2 
with  ujo2,  etc.  Given  that  the  fcth  LO  is  at  Bk  sin(a;ofcf  + 
then  the  signal  at  the  output  of  the  kih  receiver  is 
proportional  to:  A^BkGkCos(j)k^ii^[^^^i{t  A  kAt)]/2,  where 
Gk  is  the  product  of  all  the  gains  and  losses  in  the  link. 
This  signal  is  then  delivered  to  the  kih  antenna  at  the  RF 
frequency  (typically  20-60  GHz)  by  frequency  “upshifting” 
the  signal.  To  sweep  the  beam,  the  input  laser  array  (or, 
alternatively,  the  LO  array)  frequencies  are  changed  to  create 
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TABLE  I 

Data  for  EDFA  Network 


Component 

Optical  Loss 
(dB) 

Excess  Loss 
(dB)* 

Optical  Gain 
(dB) 

Noise  Figure 
(dB) 

Optical  Signal  Power 
Relative  to  Input 
Signal  (dB) 

16  X  1  Combiner  Loss  (Lcl) 

12 

0.2 

-12.2 

EDFA  (Gal,  Fa  1) 

21.2 

4 

9 

8x1  Combiner  Loss  (Lc2) 

9 

0.2 

-0.2 

Fiber  Loss  (Lc2) 

1 

-1.2 

1x8  Combiner  Loss  (Lc3) 

9 

0.2 

-0.2 

EDFA  (Ga3,  Fa  3) 

10.2 

4 

9 

1  X  16  Loss  (Lc4) 

12 

0.2 

-3.2 

♦Losses  are  taken  to  be  0.1  dB  for  each  splice  connection. 


a  new  correspondence  between  a  delay  and  an  output  antenna. 
Phase  or  freqency  modulation  can  alternatively  be  employed 
to  encode  the  microwave  signal  onto  the  optical  carrier. 

The  signal  is  proportional  to  the  LO  strength,  Bk.  Typically, 
this  can  be  as  high  as  10  mW  at  A  =  1.55/[zm,  thus  providing 
considerable  gain  at  the  antenna  end.  Both  microwave  am¬ 
plifier  and  LO  gain  can  be  tuned  at  each  antenna  element  to 
arbitrarily  “shape”  the  beam.  Frequency  reference  is  provided 
to  each  tunable  laser  in  the  array  by  one  of  several  techniques. 
For  heterodyne  detection,  the  receiver  can  tune  from  the  IF 
in  a  frequency-locked  loop  [3].  Another  means  for  providing 
simultaneous  external  reference  to  all  n  channels  is  to  use  a 
mode-locked  laser  which  generates  a  “comb”  [4]  of  equally 
spaced  Fourier-component  frequencies.  This  comb  injection- 
locks  the  individual  lasers  which  are  roughly  “current-tuned” 
to  a  particular  frequency.  Injection  locking  a  continuously 
current-tunable  laser  using  a  comb  of  frequencies  thereby 
changes  the  linear  relationship  between  tuning  current  and 
wavelength  into  a  “stepwise”  laser  output  spectrum,  with 
steps  at  the  channel  frequencies.  Phase-locking  using  a  phase- 
diversity  receiver  or  a  phase  modulator,  is  needed  to  maintain 
a  constant  amplitude  via  the  cos  (f)k  term. 

This  system  requires  continuously  frequency  tunable  laser 
arrays  [5].  Using  present  technology,  up  to  nearly  100  A 
tuning  has  been  demonstrated  at  A  =  1.55/im  using  three- 
section  DFB  lasers  [6].  Given  that  1  A  =  12  GHz  at 
A  —  1.55//m,  and  that  each  channel  can  occupy  a  <  1  GHz 
instantaneous  bandwidth  (BW),  this  implies  ^  100  channels 
occupying  1.2-THz  bandwidth  can  be  accommodated.  Here, 
the  interchannel  spacing  must  exceed  the  BW  in  analog 
systems  by  3-5  times  to  minimize  interchannel  and 
image  channel  interference  [7].  It  will  be  shown  elsewhere  that 
the  interchannel  separation  is  limited  by  the  phase  noise  and 
linewidth  of  the  semiconductor  laser,  given  that  the  channel 
bandwidth  occupied  by  a  1  /us  radar  pulse  is  very  small. 

To  achieve  a  high  S/N,  combiners/splitters  with  EDFA’s 
are  implemented  as  follows:  The  n  signals  are  combined  by 
m,  {n/rn  4*  1)  x  1  passive  couplers  followed  by  m  EDFA’s, 
with  n  being  the  number  of  delays.  The  use  of  multiple, 
low  gain  coupler  stages  minimizes  spontaneous  emission  noise 
common  in  systems  which  combine  high  loss  and  high  gain 
in  only  a  few  amplifier  stages.  Each  combiner  merges  n/m 
signals  along  with  a  pump  signal  for  an  EDFA  [8].  After 


amplification,  the  signals  are  combined  by  an  rnx  1  passive 
coupler  and  transmitted  along  the  fiber  transmission  line.  An 
EDFA  is  also  used  on  the  transmission  line  to  further  improve 
signal  level.  Similar  to  the  combiner,  the  signals  are  split  by 
a  1  X  (m  -f  1)  passive  splitter,  amplified  by  m  EDFA’s,  and 
then  further  split  by  m  1  x  {n/m,)  passive  splitters. 

The  system  signal-to-noise  ratio,  (S/N)s,  and  loss  budget 
are  calculated  assuming  that  the  signals  are  transmitted  at  a 
channel  frequency  of  1.55  /im  with  BW  =  1  GHz,  and  with 
5km  between  terminals.  (S/N)s  is  given  by  (l/F’)(S/N)t;ranS’ 
where  the  laser  transmitter  RIN  at  1  GHz  is  (S/Nj^j-ans  =~70 
dB  [9]  and  F,  the  noise  figure,  is  found  using  [10]: 

F  =  LciFai  +  {Lci/Gal}{Lc2Fa2  ~  1}  4- '  •  • 

+  {LciLc2  *  •  •  LcM-l/GalGa2  ’  '  *  GaM-l} 

X  {LcMFaM  -  1}. 

Here,  Ld  is  the  loss  of  the  ith  stage,  Fai  is  the  noise  figure 
of  the  i-th  amplifier,  and  Gai  is  the  gain  of  the  ith  channel. 
Table  I  gives  performance  data  for  the  main  components  of  the 
system  for  a  128-channel  link  with  n  =  128  and  m  =  S.  The 
optical  gain  and  output  power  for  an  EDFA  can  be  as  large  as 

22  dB  and  18.5  dBm,  respectively,  and  the  noise  figure  is  4 
dB  [11].  The  overall  noise  figure  of  the  EDFA  implementation 
is  -  30  dB  and  the  {S/N)s  =  70dB  -30dB  =  -40  dB.  From 
laser  transmitter  to  the  optical  receiver,  the  system  has  —  3  dB 
of  optical  loss.  Additionally,  the  gain  of  the  EDFA  is  relatively 
flat  between  1.530/im  and  1.560/Ltm  [11].  Therefore,  the  (S/N)s 
performance  for  all  channels  of  a  WDM  system  is  expected 
to  be  —  40  dB. 

The  spectral  bandwidth  of  an  EDFA  is  >  0.1  fim.  Thus, 
to  further  extend  the  number  of  channels  in  a  multiple  beam 
or  large  array  system,  a  wavelength  multiplexed  approach 
such  as  that  depicted  in  Fig.  2  is  employed.  Each  100- 
A  subarray  is  combined  onto  the  single  carrier  fiber  using 
gratings  or  filters.  Given  BW  =  1  GHz,  and  a  very  conservative 
channel  separation  of  5  x  B W  to  eliminate  undue  interchannel 
interference  in  a  heterodyne  system  where  ui,^J2'k  —  BW, 
this  12-THz  system  has  a  very  large  channel  capacity  of 
2500  channels  [2].  Finally,  in  Fig.  3,  we  show  a  schematic 
of  the  receiver  antenna.  Comparing  this  with  Fig.  1,  similar 
components  and  techniques  are  used  for  both  transmit  and 
receive. 
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Fig.  2.  Wavelength  multiplexed,  very  broad-band  phased  array  antenna. 


In  summary,  the  coherent  optically  controlled  phased  array: 
1)  accommodates  ~  100  channels  in  a  single  fiber.  With  the 
addition  of  a  multi-wavelength  system,  over  2500  channels 
can  be  accommodated  in  this  single  fiber  architecture.  2) 
Can  be  used  for  null  steering,  multiple  beam  formation, 
and  squint-free  multiple  frequency  operation.  This  flexibility 
results  from  the  high  gain  due  to  a  combination  optical 
and  electronic  amplification,  and  LO  gain,  and  the  rapid 
tunability  of  the  gain  elements.  The  slowest  tunable  element 
is  the  LO,  where  restabilization  of  frequency  must  occur  on 
a  time  scale  somewhat  shorter  than  the  beam  scan  time 
milliseconds).  3)  Employs  components  and  techniques  already 


developed  for  multichannel  coherent  communications,  taking 
advantage  of  progress  in  tunable  lasers,  optical  amplifiers,  and 
coherent  phase  and  polarization  diversity  receivers.  However, 
practical  realizations  would  need  to  incorporate  a  high  degree 
of  integration  of  both  lasers  and  receivers.  Potentially,  a  128 
element  array  can  deliver  very  high  power  signals  to  the 
antenna  with  ^  3  dB  of  optical  loss  and  an  S/N  of  40 

dB  for  BW  =  1  GHz  at  A  —  1.55  /rm. 
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ABSTRACT 

We  analyze  a  true-time  delay,  optically  controlled  phased  array  antenna  system  whereby  beam  forming  is 
accomplished  using  a  large  number  of  antenna  elements  that  can  receive  any  of  several  different 
microwave  true-time-delays  via  use  of  coherent  optical  carriers  through  a  single  transmission  fiber.  We 
calculate  the  signal-to-noise  ratio  (SNR)  and  the  signal-to-interchannel  interference  ratio  (SIR)  of  one 
channel  for  various  modulation-demodulation  schemes  (i.e.,  AM-heterodyne,  FM).  We  show  that  for  AM 
modulation,  with  a  bandwidth  of  1  MHz,  a  transmitter  power  of  -10  dBm  and  a  laser  linewidth  of  1  MHz, 
we  can  obtain  dynamic  a  range  (DR)  of  =46  dB,  with  a  channel  separation  six  times  of  that  of  the 
microwave  oscillation  frequency  (fm).  For  the  FM  scheme,  DR  =  60  dB  for  a  laser  linewidth  of  1  MHz,  a 
FM  modulation  index  of  2  and  a  channel  spacing  of  12fin.  It  is  found  that  coherent  optically  controlled 
phased  array  antennas  provide  improved  controllability,  and  can  have  the  SNR  and  DR  that  meet  the 
stringent  requirements  of  high  resolution  microwave  antenna  systems. 

1.  INTRODUCTION 

There  has  been  an  upsurge  of  interest  in  the  use  of  optical  fiber  for  transmission  of  microwave  signals  for 
phased  array  antenna  systems^'^.  This  is  due  to  several  advantages  of  using  microwave  fiber  optic  links 
instead  of  electronically  controlled  steering:  (a)  Fiber  optic  links  have  wide  instantaneous  bandwidth,  thus 
the  beam  can  be  steered  without  "squint"  even  if  the  system  is  rapidly  switched  between  several  different 
frequencies;  (b)  signals  are  transmitted  through  fibers  and  thus  are  immune  to  electromagnetic  interference; 
and  (c)  fibers  are  lightweight  and  thus  the  systems  are  suitable  for  use  in  both  aircraft  and  satellites. 

In  order  to  steer  the  beam  to  different  directions,  the  system  should  have  the  ability  to  feed  different  phase 
delays  (N)  to  many  remote  antenna  elements  (M).  For  conventional  intensity-modulation/direct-detection 

(IM/DD)  systems^  the  number  of  laser  diodes  needed  is  therefore  proportional  to  MxN,  which  can  be 
prohibitively  large  for  some  requirements.  Here  we  analyze  the  multichannel  broadband  coherent  optical 
system  proposed  by  Freitag  and  Forrest^  which  can  feed  any  of  N  true  time  delays  to  M  remote  antenna 
elements,  which  uses  only  (M-i-N)  laser  diodes  interconnected  to  a  single  transmission  line.  It  is  obvious 
that  such  a  system  tu'chitecture  is  relatively  more  expandable  to  lcu*ge  scale  antenna  implementations. 

Fig.  1  is  a  schematic  diagram  of  a  coherent  optically  controlled  phased  aiTay  transmitter.  Each  laser  in  the 
transmitter  laser  array  has  a  different  fixed  central  frequency,  fok,  where  k  indicates  the  kth  laser  in  the 
aiTay.  The  same  microwave  signal  modulates  each  laser  in  the  array,  which  in  turn  is  coupled  to  a  different 
delay  fiber.  The  several  delayed  signals  are  combined  in  a  single  fiber  using  optical  couplers.  Before 

combination,  the  delays  associated  with  kth  laser  is  ckAt,  where  c  is  the  velocity  of  the  optical  signal,  and 
At  is  a  delay  increment.  Thus  the  signals  with  different  time  delays  are  transmitted  through  a  single  fiber  to 

the  antenna  array,  where  the  signals  are  distributed  to  the  coherent  receivers  using  a  IxM  splitter  (two 
levels  of  splitters  are  shown  in  Fig.  1).  Each  of  the  N  optical  signals  are  incident  on  M  coherent  receivers, 
along  with  M  local  oscillator  (LO)  laser  signals  which  are  tuned  to  provide  kth  receiver  with  frequency 
fiok.  By  tuning  fiokto  different  frequencies,  signals  modulated  on  a  particular  optical  carrier  are  coherently 
detected.  The  photodetected  signals  (i.e.,  the  intermediate  frequency,  or  the  IF)  are  demodulated 
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electronically  to  obtain  the  original,  time-delayed  microwave  signals  which  are  subsequently  fed  to  the 
antennas.  With  LO  lasers  associated  with  each  antenna  element  tuned  to  different  frequencies,  various 
time-delay  combinations  are  fed  to  the  array  elements,  thereby  steering  the  beam  to  different  angles. 


Fig.  1  Transmitter  of  coherent  optically  controlled  phased  array  antenna 


Fig.  2  Receiver  diagram  of  coherent  optically  controlled  phased  array  antenna 


The  receiver  has  a  similar  structure  to  the  transmitter,  as  shown  in  Fig.  2.  Corresponding  to  the  antenna 
array,  there  are  a  sequence  of  lasers,  each  with  a  different,  fixed  central  frequency.  The  signal  received 
from  each  antenna  modulates  the  associated  laser,  which  is  then  coupled  to  a  fiber.  The  signals  are 
combined  and  transmitted  through  a  single  fiber  to  the  receiver  end,  where  the  signals  split,  pass  through 
different  lengths  of  fibers,  and  illuminate  an  array  of  photodetectors  together  with  the  LO  laser  signals. 
The  tunability  of  the  LO  lasers  allows  one  to  choose  different  time-delays  appropriate  for  the  signal 
received  by  each  antenna  from  a  particular  direction. 

Erbium-doped  fiber  amplifiers  (EDFA)  are  used  to  compensate  for  power  losses  at  the  combiners  and 
splitters,  and  to  prevent  the  degradation  of  signal-to-noise  ratio  (S/N)  performance.  To  achieve  a  higher 
S/N,  combiners/splitters  with  EDFAs  are  implemented  in  several  cascaded  gain  stages  as  shown  in  Figs.  1 
and  2.  Some  performance  parameters  of  an  example  system  consisting  of  128  transmitter  lasers  and  128 
receivers  are  listed  in  Table  1.  For  this  system,  the  gain  of  the  optical  power  of  one  channel  that  illuminates 
each  receiver  is  -3.2  dB,  indicating  that  such  coherent  systems  can  be  made  nearly  transparent.  The 

spectral  bandwidth  of  an  EDFA  >0.4im.  Thus,  to  further  extend  the  number  of  channels  in  a  large  array, 
the  systems  in  Figs.  1  and  2  can  be  used  as  a  basic  unit  of  a  wavelength  multiplexed  architecture  as 
de.scribed  previously  ^  In  this  case,  the  multiplexing  can  lead  to  a  system  with  ~1000  channels. 


Component 
Ibxlcombine  (Li) 

Optical  I0.SS  (dB) 

12.2 

•Optical  gain  (dB) 

Noise  Figure  (dB) 

EDFA  (Gi,Fi) 

8x1  combiner  (L2) 
Fiber  (L2) 

9.2 

1 

21.2 

4 

EDFA(G2,  F2) 

1x8  combiner  (L3) 

9.2 

10.2 

4 

EDFA  (G3,F3) 

1x16  combiner  (L4) 

12.2 

9.2 

4 

*  The  excess  loss  of  splice  connection  is  includes  and  is  taken  to  be  0.1  dB  for  each. 


Table  1  Data  for  the  coherent  links 

In  remainder  of  this  paper,  we  assess  the  performance  of  the  coherent,  optically  controlled  phased  array 
antenna  system.  The  paper  is  organized  as  follows:  In  Sec.  2,  the  spectra  of  radar  signals  are  described 
and  the  analytical  treatment  to  be  u.sed  is  introduced. 'Issues  such  as  the  system  noise  sources,  the  signal- 
to-noise  ratio  (SNR)  for  one  channel,  the  signal-to-interchannel-interference  ratio  (SIR),  the  dynamic 
range  (DR)  and  fiber  dispersion  are  all  considered.  In  Secs.  3  and  4,  the  calculation  results  are  discussed 
for  SNR,  SIR,  DR,  channel  spacing,  and  the  number  of  channels  that  can  be  accommodated  for  optical 
AM  and  FM  modulation  schemes.  In  Sec.  5,  we  compare  the  advantages  and  disadvantages  of  coherent 
FM,  AM  and  other  architectures  currently  under  investigation.  In  Sec.  6,  we  present  conclusions. 


2.  GENERAL  DESCRIPTION 

2.1  The  radar  signal  spectra 

A  radar  signal  typically  consists  of  a  sequence  of  pulsed  high  frequency  oscillations.  The  spectrum  of  this 
microwave  signal  can  be  expressed  as"^: 

C{f)^0.5{Ch{f  +  fm)  +  Cb{f-f,n))  ()</<-  (1) 

where 


Ct{f)=  ^  tsin(mi./^)/(nn/r)  for  a  long  train  of  coherent  pulses,  and 

I?  =  +00 


Ch{f)=  I  Tsin(7t/)/(rt/) 

n  =  -foe 


for  non-coherent  pulses  or  a  single  pulse. 


Here,  fr  is  the  pulse  repetition  frequency  (PRF),  x  is  the  pulse  width  and  fm  is  the  microwave  oscillation 
frequency.  From  Eq.  (1),  we  see  that  the  characteristic  spectrum  of  a  radar  signal  is  a  sine  function 
centered  at/m,  typically  between  1  and  20  GHz,  and  where  most  of  the  power  falls  in  a  comparatively 

narrow  bandwidth  which  spans  a  frequency  range  on  the  order  of  1/x  with  a  typical  value  of  1  MHz. 

2.2  System  noise  and  signal-to-noise  ratio  (SNR) 

After  photodetection,  the  IF  signal  can  be  expressed  as: 

q^(f)  =  A(?)cos[a)„..r  +  +  (1)(0]  +  n{t)  +  (2) 

Here,  A(t)  and  (t)(t)  represent  the  amplitude  and  phase  modulation,  respectively,  for  the  AM  or  FM  scheme, 

Ci)iF  =  27tfiF  is  the  angular  intermediate  frequency  (IF),  (jtphasc  is  the  laser  phase  noise,  n(t)  is  the  additive 
current  noise  of  the  system,  and  nini(t)  is  the  interference  signal  from  other  channels.  The  power  spectral 
density  (PSD)  of  the  time  derivative  of  the  phase  noise  in  the  range  of  0  <  f  <  <«  is: 

Si  =  47tAv  (2) 

T  phtise 

where  Av  is  the  sum  of  the  transmitter  and  LO  laser  linewidths.  The  additive  noise,  n(t),  consists  of 
thermal  noise,  shot  noise,  relative  intensity  noise,  and  the  beat  of  the  LO  laser  with  the  EDFA  amplified 
spontaneous  emission  (ASE)  noise.  Thus  the  PSD  of  each  term  is  given  as^’^: 

S  (4) 

n,  thermal  ^ 

for  the  theiTnal  noise,  where  k  is  Boltzmann’s  constant,  T  is  temperature  and  r  is  the  input  resistance  of  the 
receiver.  The  shot  noise  is: 

+  (5) 

where  R  is  the  responsivity  of  the  detector,  Plo  is  the  optical  power  of  the  local  oscillator,  and  Ps-total  ts 
the  optical  power  of  all  signals  incident  on  a  receiver.  That  is,  Ps-toial  equals  the  optical  power  of  one 
channel  that  is  incident  on  a  receiver  (Ps)  times  the  number  of  channels.  The  LO-ASE  beat  noise  is  then 

given  by: 


2R-h\'FGP, 


where  h  is  Planck's  constant,  v  is  the  optical  frequency  and  FG  is  the  product  of  the  effective  noise  figure 
and  gain  for  the  EDFA  ASE  noise.  Given  the  parameters  in  Table  1,  FG  of  a  three  stage  EDFA  cascade 
for  a  single  delay  channel  is^: 

FG  =  {{F,GJL^  +  F^)G,  m  +  F,  )G,  /L,  =  \  3dB  (7) 

Next,  the  laser  relative  intensity  noise  is  expressed  as^: 

=  Rylo^O—  +  F.^10— j  (8) 

where  RINs  and  RINlo  are  the  relative  intensity  noise  contributions  of  the  transmitter  and  LO  lasers, 
respectively,  in  dB/Hz.  Putting  the  exjiressions  from  Eq's.  (4)-(8)  together,  the  total  noise  in  the  range  of 
0  <  1  <  OO  is  given  by: 


(9) 


.S„(/)  =  Ti  =  2R^hvF-GP,„  +  2eR{P,o  +  Ps 

When  the  Plo  is  sufficiently  large  (typically  >  1  mW),  the  shot  noise  is  larger  than  the  thermal  noise. 
ALSO,  the  LO-ASE  beat  noise  is  always  about  10  dB  more  than  the  shot  noise  in  this  system.  Thus  when 
the  RIN  is  small  (i.e.  <  -160  dB/Hz),  the  ASE-LO  noise  dominates  the  frequency  independent  noise 
expression  in  Eq.  (9). 

In  Secs.  3  and  4,  we  calculate  the  SNR  for  one  channel.  In  an  array  antenna  system,  the  signal  is  the  sum 
of  the  signal  from  each  channel.  Due  to  the  coherence  of  the  signals,  the  final  SNR  will  be  N  times  larger 
than  the  SNR  of  one  channel,  where  N  is  the  number  of  antenna  elements. 

2.3  Signal-to-interchannel-interference  ratio  (SIR) 

For  a  large  multichannel  system,  one  must  consider  the  channel  bandwidth  and  minimum  channel  spacing 
required  to  accommodate  the  desired  number  of  channels  while  keeping  the  interchannel  interference  an 
acceptably  low  level  demanded  by  the  system  fidelity  requirements.  The  SIR  is  the  ratio  of  the  power 
received  in  the  desired  signal  channel  (Ps-Hnal)  to  the  total  interference  power  (Pint-final)  from  the  other 
channels  at  the  output.  That  is: 

=  (10) 

final 

For  optical  heterodyne  detection,  assuming  that  the  optical  and  RF  power  for  each  channel  are  the  same, 
then  the  most  significant  interference  for  channel  k  comes  from  the  adjacent  channel  (k-1)  with  a  lower 
central  frequency  if  the  LO  frequency  is  less  than  the  optical  signal  frequency;  or  from  channel  (k+1) 
otherwise.  Due  to  the  dominance  of  the  neighboring  channel  in  contributing  to  the  SIR,  our  numerical 
calculations  in  Sec.  3  and  4  only  consider  this  interference  from  adjacent  channels  for  simplicity.  Figure  3 
is  a  schematic  diagram  showing  the  relation  between  the  IF  frequency  (fip),  the  channel  spacing  (Bs)  and 
the  channel  bandwidth  (Bjf).  For  proper  operation,  Bif  should  be  large  enough  to  pass  most  of  the  power 
of  a  desired  signal  in  the  IF  stage,  and  fjp  >  Bif/2.  To  minimize  the  interference,  no  significant  power  in 
the  adjacent  channels  should  fall  into  the  passband  of  the  desired  channel  after  photodetection.  Thus  Bg 
should  be  greater  than  2fiF+BiF, 


Channel  k  Channel  (k-1)  f 

(b) 

Fig.  3  Schematic  diagram  of  channel  allocations  for  mulitchannel  coherent  system 

(a)  different  channels  at  optical  frequency  domain;  (b)  different  channels  at  IF  stage  after  photodetection. 
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2.4  Dynamic  range 


The  dynamic  range  of  the  microwave-optic  link  is  defined  as  the  ratio  of  the  maximum  input  RF  power 
(Pin-max)  to  the  minimum  input  RF  power  Pin-min  that  can  be  carried  by  the  fiber  optic  link^.  Hence: 


D/?  =  101og 


(11) 


Pin-inin  is  the  RF  power  that  results  in  S/N=l  at  the  output,  and  Pin-max  is  the  power  that  results  in  the 
nonlinear  distortion  power  equal  to  the  noise  power. 


2.5  Correction  to  the  time-delay  error  caused  by  dispersion 


Chromatic  dispersion  of  the  fiber  will  cause  signals  in  different  channels  to  travel  at  different  speeds.  This 
problem  is  especially  acute  for  systems  consisting  of  a  large  number  of  channels  where  the  wavelength 
difference  between  channels  0  and  N  can  be  quite  large  (-100  nm).  When  the  system  is  used  in  aircraft  or 
satellite  applications,  the  length  of  the  fiber  is  several  tens  of  meters.  In  this  case,  even  if  the  system  covers 
a  large  frequency  range,  the  dispersion  will  not  cause  serious  problems.  However,  for  terrestrial  systems 
where  the  fiber  length  can  exceed  a  kilometer,  dispersion  will  introduce  additional  time  delays  for  different 
channels,  which  cannot  be  neglected  for  precise  beam  steering.  This  is  especially  true  for  systems  using 
high  microwave  frequencies  (10-100  GHz).  We  propose  the  following  method  for  solving  this  problem. 
As  stated  in  Sec.  1 ,  in  both  the  transmitter  and  receiver  for  the  antenna  system,  the  central  frequencies  of 
the  transmitter  laser  array  are  fixed,  thereby  determining  the  optical  group  velocity  of  each  channel. 
Assuming  the  group  velocity  of  channel  k  is  Ck,  then  after  traveling  through  a  fiber  of  length  L,  any  other 
channel  k  will  have  additional  time  delay  of  (L/ck-L/co)  compared  to  channel  0.  To  compensate  for  this 
additional  delay,  we  make  the  fiber  associated  with  channel  k,  (L/ck-L/co)Ck  longer  before  it  combines 
with  other  channels. 


3.  ANALOG  AM  LINKS  FOR  ANTENNA  SIGNALS 


3.1.  SNR  performance  of  AM  links 


Wideband  filter-rectifier-narrow-band  filter  (WIRNA)  processing  is  propo-sed^  to  demodulate  the  coherent 
AM  signal.  Figure  4  is  a  block  diagram  of  the  WIRNA  receiver.  The  IF  current,  ii(t)  is  given  by^: 


h  (0  =  -^[cosCcD/y.-r  +  (t)(0  +  mx{t))  ~  sin(C0//.-r  +  (t)(0)]  +  n(t)  + 


(12) 


with  A^(t)  =  2.R^P^q  .  Here,  m  is  the  modulation  index  and  x(t)  is  the  normalized  modulation  signal. 
Assuming  that  njntCt)  (which  will  be  discussed  further  in  Sec,  3.2)  is  equal  to  0  and  mx(t)  «  1,  Eq.  (12) 
becomes: 


/j(r)  =  -^[cos((jO//.-r  +  c[)(r))  ~  (l  +  /ra(r))sin(c0//;r  +  (|)(r))]  +  n(t) 


(13) 


Most  of  the  signal  power  is  concentrated  around  /yy.-  ±  .  Thus,  for  a  laser  linewidth  of  Av=0,  more  than 

95%  of  the  signal  power  falls  between  fip-fm-^/t  and  fiF+fm+2/T.  Hence,  a  rectangular  IF  filter  which 
covers  this  frequency  domain  for  a  WIRNA  receiver  is  desirable.  With  a  non-zero  laser  linewidth,  the 

signal  spectrum  is  widened  and  the  filter  needs  to  be  12.7Av  wider  to  accommodate  more  than  95%  of  the 
signal  energy^.  The  IF  bandwidth  is  therefore  given  by: 

fiyy.--2/^+4/T+12.7Av  (14) 
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The  second  filter  should  be  centered  at  fm  with  a  bandwidth  of  several  1/x  to  obtain  the  final  output.  For 
convenience  of  analysis,  a  rectangular  bandpass  filter  is  assumed.  The  transfer  function  of  the  two  filters 
can  be  expressed  as: 


W, ;,-(/)  = 


|/-/,y.|</.  +  2/x  +  6.4Av 
otherwise 


(15) 


|/-/J<2/r-fi/2 

Otherwise 


(16) 


Photodetector 


Local  laser 


Fig.  4  Schematic  diagram  of  AM-WIRNA  receiver 

BPFl :  IF  bandpass  filter,  BPF2:  final  bandpass  filter 

The  impulse  response  of  the  two  filters,  hiF(t)  and  h2(t),  can  be  calculated  through  the  Fourier  transform 
of  HiF(f)  and  H2(f).  This  leads  to  the  following  expression  for  the  output  power^: 


f'out  -  f^sig  +  P.sd  +  Psn  +  ^nn  +  ^ RIN .ad 

=  +  (r,in^  +  r,)A;  +  (r,m'  +  r,}A^ri  +  (17) 

r^44(io«/.v,/.o^l()m,,,/i«)g 

where  ri  =  Sn(f).  The  first  term  is  the  signal  power,  and  the  rest  are  noi.se  contributions.  All  the  F 

parameters  depend  on  Bjf  and  B,  with  r3  also  depending  on  fjp.  The  term  Psd  is  due  to  phase  noise,  Psn 
is  the  beat  of  the  signal  and  the  additive  noise,  Ppn  is  the  squared  additive  noise.  Also,  PRiN.ad  is  the 
additional  noise  tenn  caused  by  the  laser  RIN.  The  two  terms  in  Psd  and  Psn  are  due  to  the  received  signal 
having  both  a  carrier  and  message  tenn. 


For  a  reasonable  optical  power,  Psn  is  always  much  larger  than  Pnn-  Thus  if  the  laser  linewidth  is  very 
narrow,  the  RIN  is  very  small  (-160dB/Hz),  and  m2x2(t)  «  1,  the  expression  for  SNR  simplifies  to: 

4ryR^p,„p^. 


SNR^ 


(18) 


Usually  the  ASE-LO  is  the  most  significant  noise  in  source  Sn(f).  Thus,  Eq.  (18)  further  simplifies  to: 

2 


Ej/jvE  •  G 


(19) 


where  is  proportional  to  B.  When  the  laser  linewidth  Av  is  large,  Psc),  the  phase-to-intensity  noi.se 
conversion  term,  needs  to  be  considered.  The  spectrum  of  the  square  of  the  IF  current  in  Eq.  (12)  has  a 
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dominant  component  at  2fjp  which  is  broadened  by  laser  phase  noise.  For  wide  IF  bandwidth,  this  can  be 
expressed  as  cos(2;i/'„,-r  +  2<|)(r))  /  4.  The  power  spectral  density  of  this  term  has  a  Lorentz  shaped. 
Reference  [5]  shows  that  when  fip  is  very  large  for  reasonable  optical  signal  power,  Psd  is  typically  much 
less  than  Psn-  But  for  a  multichannel  system,  fip  should  be  kept  small  to  maintain  a  narrow  channel 
spacing  to  accommodate  more  channels.  When  fip  becomes  smaller,  however,  more  power  due  to  this 
term  falls  in  B,  thereby  degrading  the  system  SNR  performance.  The  ratio  of  signal  power  to  this  noise 
power  will  depend  on  Bip,  B,  f[pand  modulation  index  m. 


Fig.  5  SNR  of  AM  scheme  for  various  laser  linewidths 
fm=l  GHz,  fiF  =1.5  GHz,  B=1  MHz,  Plo=10  dBm,  R1N=0,  R=0.6  AAV,  m=0.1 

Figure  5  shows  the  calculated  SNR  versus  the  signal  power  per  channel  for  an  AM  system.  It  is  shown 

that  a  wide  laser  linewidth,  Av,  ultimately  deteimines  the  maximum  achievable  SNR.  When  fjpis  small, 
increasing  the  optical  signal  power  above  a  certain  level  will  not  improve  the  SNR  performance.  Contrary 
to  the  situation  in  Ref.  5  in  which  a  very  large  fip  is  assumed,  this  occurs  when  the  signal  power  is  still 

quite  low.  For  example,  for  fm  =  1  GHz,  B  =1  MHz,  fip  =  1.5  GHz,  m  =  0.1,  with  Av  =  100  kHz,  the 
SNR  tends  to  be  independent  of  Ps  for  Ps  >  1  mW.  For  Av  =  1  MHz,  power  independence  of  SNR  is  at 
Ps  >  0.1  mW,  and  for  Av  =  10  MHz,  at  Ps  >  0.01  mW.  It  is  also  shown  that  SNR  >  50  dB  for  fip  =  1.5 
GHz  Av  =  100  kHz,  and  assuming  the  signal  power  of  one  channel  is  -10  dBm.  Calculations  also 
show  that  with  t'lp  as  large  as  lOfm,  the  effect  of  the  la.ser  linewidth  will  be  negligible  for  Av  <  1  MHz. 

3.2  SIR  and  the  channel  spacing 

As  signal  power  is  usually  much  larger  than  the  noise  power  for  each  channel,  to  calculate  the  interchannel 
interference,  we  simplify  the  problem  by  considering  the  contribution  from  neighboring  channels  whose 
signal  spectrum  is  noi.se  free.  From  Eq.  (13)  the  spectrum  of  one  channel  of  the  AM  IF  signal  without 
noise  is  given  by: 
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Here,  C(f)  is  the  spectral  coefficient  of  the  radar  signal  given  in  Eq.  (1).  Equation  (13)  shows  that  the  IF 
current  has  an  interference  term.  After  being  filtered  and  squared,  there  are  beats  between  signal  and 
interference,  and  the  square  of  interference.  In  the  limit  of  small  interference,  the  first  effect  is  always 
much  larger  than  the  second.  Thus  the  interference  power  can  be  calculated  as: 

Pin.  =  J {[■'•(/)///,  (/)]  *  (21) 

where  s(f)  and  int(f)  are  the  spectra  of  the  signal  and  interference  current  at  the  IF  stage,  respectively, 
Hif(0  and  H2(0  are  the  transmission  characteristics  of  the  two  filters  (see  Eq.  (15)  and  (16)),  and  * 
denotes  the  convolution  operation. 

Figure  6  shows  the  SIR  calculations  for  the  AM  scheme  where  the  channel  bandwidth  accommodates  more 

than  95%  of  the  signal  energy.  Usually  for  fmX  »  1,  Bif  is  just  slightly  larger  than  2fm.  The 
calculations. show  that  when  is  slightly  more  than  2fiF+2fm,  then  SIR  >  60dB,  regardless  of  the 
modulation  depth,  optical  power  or  RF  power.  Usually  the  channel  spacing  needs  to  be  somewhat  wider 
to  meet  the  requirement  of  square-law  detection,  and  to  tolerate  the  laser  linewidth  and  the  instability  of  the 
laser  central  frequency. 


Fig.  6  SIR  of  AM  scheme 

fnvT=  lOOO,  B  =  2/t 


For  our  example  system,  using  AM  to  achieve  a  high  SIR  and  SNR,  a  channel  spacing  of  slightly  larger 

o 

than  6fni  is  sufficient  (for  fip  =  1 .5fm)  if  hiser  linewidth  and  1/t  is  much  smaller  than  fm.  A  100  A  laser 


tuning  range  can  be  obtained  using  miiltisection  distributed  feedback  lasers^.  Given  that  1  A  -  12  GHz, 
we  could  easily  accommodate  128  optical  channels  for  a  1  GHz  microwave  signal 

3.3  Dynamic  range  of  the  AM  links 

From  the  calculation  results  of  Sec.  3.2,  we  know  that  the  interference  can  be  kept  very  low,  and  thus  it 
has  little  effect  on  the  dynamic  range  calculations.  Taking  the  3rd  order  intermodulation  as  the  limitation 

for  linearity,  the  dynamic  range  of  AM  links  is  calculated  using^: 


DR  -  10  log  8 


Figure  7  shows  the  calculated  DR  for  different  laser  linewidths,  Av.  When  the  signal  power  of  one 
channel  at  the  transmitter  is  only  -7  dBm,  this  implies  the  optical  power  at  the  antenna  is  around -10  dBm. 
Assuming  a  laser  linewidth  of  1  MHz  and  a  receiver  output  bandwidth  of  1  MHz  ,  the  dynamic  range  of 

one  receiver  can  be  as  high  as  .53  dB,  which  is  about  5  dB  lower  than  that  obtained  for  Av  =  0.  When  Ps 
=  -20  dBm  and  the  laser  linewidth  is  less  than  1  MHz,  the  dynamic  range  is  approximately  50  dB,  which 
corresponds  to  110  dB/Hz.  These  values  suggest  reasonably  good  link  DR  performance. 
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Fig.  7  Dynamic  Range  of  AM  for  different  laser  linewidths 

Plo=10  dBm,  RIN=0,  R=0.6  A/W,  fm=l  GHz,  B=1  MHz  fiF=1.5  GHz 
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4.  FM  PHASE  DELAY  SCHEME 

4.1  SNR  of  the  FM  Scheme 

Figure  8  is  a  schematic  diagram  for  a  typical  optical  FM  demodulation  receiver.  Either  direct  FM  laser 
modulation  or  external  FM  modulatioti  can  be  used.  After  transmission  and  heterodyne  photodetection,  a 
rectangular  bandpass  filter  (Bip)  is  used  to  pass  most  of  the  power  of  the  desired  channel  while  reducing 
the  interference  from  other  channels.  The  signal  is  then  demodulated  by  a  electronic  differentiator  and 
envelope  detector,  and  then  passes  a  second  bandpass  filter  similar  to  that  used  in  AM  schemes  to  obtain  a 
noise-reduced  output  signal.  Carson’s  law  states  that  to  pass  nearly  98%  of  the  signal  power,  Bipmust  be: 

=  +  (23) 

where  Be  is  equal  to  the  high  frequency  cutoff  of  the  final  pass  band  of  Eq.  (16),  and  p  is  the  modulation 

index.  If  Tfin  «  1,  Be  is  approximately  equal  to  fm.  We  now  define  f^  as  the  maximum  instantaneous 
optical  frequency  deviation.  In  this  case: 

/,=pS,  =  p/-„  (24) 


Local  laser 


Fig.  8  Schematic  diagram  of  FM  receiver 

BPFl:  the  IF  bandpass  filter,  BPF2:  the  final  bandpass  filter 

Once  again,  we  use  Ref  5  as  starting  point  for  analyzing  FM  link  perfoimance.  For  our  specific  problem, 
the  power  spectral  density  (PSD)  around  fm  caused  by  the  additive  noise  after  the  discriminator  is: 

(25) 

where  tq  is  the  time  constant  of  the  differentiator.  The  PSD  caused  by  phase  noise  is  then: 

^N-phasc-FM  ~  (26) 

Hence  the  SNR  for  the  FM  systems  is: 


ri(27t/„.)'+47t/?^P,P,„AY] 


Usually  the  ASE-LO  beat  noise  is  the  most  significant  contribution  to  Sn(f),  in  which  case  the  above 
formula  can  be  simply  expressed  as: 


From  Eq.  (28),  it  is  clear  that  when  the  product  of  the  signal  power  and  the  laser  linewidth  is  large,  the 
pha.se  noise  is  the  most  significant  noise  source.  Otherwise  the  post-detector  white  noise  is  dominant. 

Figure  9  shows  that  for  Ps  =  50  |iW,  the  white  noise  (especially  that  from  ASE-LO  beat  noise)  dominates 
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when  the  laser  linewidth  is  below  100  kHz.  When  Av  >  1  MHz,  phase  noise  tends  to  be  dominant.  With 
the  optic  link  parameters  given  in  Table  1  and  Av  =  10  MHz,  a  final  passband  of  1  MHz,  a  signal  power 
of  50  |iW,  a  LO  power  of  10  mW  and  fA  =  2  GHz,  we  obtain  SNR  =  66  dB,  which  is  126  dB/Hz.  This  is 
significantly  higher  than  what  can  be  obtained  by  the  AM  scheme  for  the  same  input  optical  power. 


Fig.  9  SNR  of  coherent  FM  link  for  radar  signal  input 

Av:  laser  linewidth,  Ps=50  |a.W,  mW,  fm=l  GHz,  fA=2  GHz 


4.2  SIR  and  channel  spacing  for  FM  links 


Most  of  the  signal  power  in  the  IF  current  lies  around  for  k  —  0,  1,2...,  and  the  interference 

power  lies  around  -  fuj\ ±  C-  Here,,/o,adj  is  the  central  optical  frequency  of  the  interference  channel 
and/LO  is  the  LO  frequency.  Following  Ref.  10,  the  most  significant  contribution  to  the  interference 
(Pini-lp)  comes  from  the  spectrum  that  falls  within  B  after  demodulation,  i.e.: 


SIR,:m  = 


(29) 


ini- II- 


The  SIRfm  following  Eq.  (29)  is  plotted  in  Fig.  10  where  we  observe  that  very  high  SIR  can  be  achieved 
for  FM  schemes.  For  example,  for  [3  =  2,  fip  =  3fni  and  By  =  13fm,  then  SIR  =  64  dB.  The  channel 

spacing,  however,  is  more  than  4((3+l  Ifm.  Through  calculations  using  Eq.  (27),  it  is  shown  that  for  a  1 
GHz  radar  signal  with  fA  =  2  GHz  and  a  channel  spacing  of  12  GHz,  SNR  is  more  than  50  dB  and  SIR 

more  than  60  dB.  Thus,  like  AM,  we  find  that  a  100  A  laser  tuning  range  can  be  used  in  systems  which 
accommodate  1(X)  channels. 
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4.3  Dynamic  range  of  FM  systems 

To  obtain  a  higher  SNR  and  a  small  distortion  of  the  demodulated  signal,  a  large  linear  frequency  response 
range  of  the  laser  output  to  the  modulation  current  is  desirable.  The  SNR  calculations  also  show  the  DR 
for  the  corresponding  largest  linear  frequency  response.  For  example,  Fig.  9  shows  that  for  system 

parameters  given  in  Table  1,  a  laser  linewidth  of  Av  =  1  MHz,  a  final  bandwidth  of  1  MHz,  an  optical 

signal  power  of  50  qW,  and  for  a  maximum  linear  optical  frequency  deviation  of  2  GHz,  the  SNR  =  66 
dB,  and  the  DR  of  a  single  channel  is  also  66  dB. 


Fig.  10  SIR  of  FM  .scheme 

(3=2,  fniX=1000,  B=2/t 

5.  SYSTEM  COMPARISONS 

AM  coherent  detection  requires  a  minimum  channel  spacing  of  6fni,  while  FM  requires  4((3+l)fni.  Thus 
FM  channels  usually  occupy  larger  optical  bandwidth.  However,  in  comparing  Eq.  (19)  and  (28),  we  see 

that  when  the  laser  linewidth,  Av,  is  very  small,  the  SNR  of  FM  is  P^/m^  times  that  of  AM.  Thus,  FM 
generally  has  better  SNR  and  DR  perfomiance  than  comparable  AM  schemes. 

The  advantage  of  the  coherent  optically  controlled  phased  array  antenna  described  here  is  that  it  is  readily 
expandable  to  many  elements.  As  for  the  basic  system,  it  can  easily  accommodate  -100  channels  in  a 
single  fiber,  and  feed  any  combination  of  -100  true-time  delays  to  -100  antenna  array  elements.  Its  central 
element  is  a  tunable  semiconductor  laser  array.  Using  wavelength  division  multiplexing  (WDM)  or  optical 
crossbar  switching,  this  can  be  expanded  to  accommodate  larger  scale  antenna  arrays.  In  contrast,  an 
IM/DD  system'  requires  ~10,()()()  la.sers  and  ~1(),()0()  fibers  of  precisely  determined  length.  If  the 
transmitter  lasers  are  far  away  from  the  antenna  elements,  the  IM/DD  system  requires  an  additional  -100 
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long  fibers  to  be  cut  precisely  and  maintained  in  the  same  configuration  so  that  the  total  optical  path  of  the 
several  transmission  fibers  are  equal.  The  coherent  approach  takes  advantage  of  good  frequency 
selectivity  of  coherent  links,  and  thus  employs  most  of  the  useful  bandwidth  of  optical  fibers.  The  channel 
splicing  occupied  by  n  cohereiit  channel  is  the  narrowest  compared  to  that  of  all  other  system  approaches, 
it  is  shown  here  that  there  is  little  interference  between  channels  for  appropriate  channel  spacing  and 
modulation/demodulation  methods. 

From  our  analysis  in  Secs.  3  and  4,  we  see  that  the  final  output  signal  maintains  its  original  linewidth  in 
frequency  domain.  This  is  a  crucial  characteristic  for  application  of  the  Doppler  effect  to  radar  systems, 
where  the  receiver  should  be  able  to  detect  very  small  spectral  shifts  of  the  return  signal.  This  cpnot  be 
fulfilled  by  the  direct  generation  of  radar  signals  using  optical  heterodyne  techniques,  where  the  linewidth 

of  the  signal  would  be  in  the  order  of  the  laser  linewidth^. 

"  Due  to  losses  from  combiners  and  splitters  which  are  necessary  for  multichannel  systems,  and  due  to  the 
phase  noise  that  is  intrinsic  to  heterodyne  detection,  even  with  the  use  EDFA's  the  AM  system  does  not 
have  as  good  an  SNR  performance  as  that  of  direct  detection.  However,  using  such  techniques  as  high 
si'mal  and  LO  power,  reduction  of  laser  linewidth  through  external  cavities,  etc.,  it  is  possible  to  get 
dynamic  range  as  high  as  50  dB.  For  the  FM  scheme,  we  can  improve  both  SNR  and  DR  performance 
over  that  of  IM/DD  schemes. 

6.  CONCLUSION 

We  have  analyzed  a  coherent  phased  array  antenna  system  which  utilizes  fibers  for  producing  true-time- 
delays  and  optical  coherent  detection  for  the  phase  delay  feed.  This  system  has  most  of  the  advantages  of 
true-time-delay  phased  array  antenna  systems.  For  example,  the  system  has  large  instantaneous 
bandwidth  and  thus  is  "squint  free".  Due  to  the  gain  control  from  both  the  LO  lasers  and  the  subsequent 
electronic  amplifiers,  it  has  flexibility  for  beam  shaping  and  null  steering.  We  discuss  a  model  system 
which  uses  a  single  fiber  to  transmit  -100  channels.  The  system  can  feed  any  of  100  different  time  delays 
to  any  of  100  antenna  elements.  With  WDM  or  crossbar  switch  techniques,  such  a  system  can  be 
expanded  to  large  scale  antenna  arrays  in  which  a  realistic  phased  tuTay  antenna  system  could  be  built.  We 
also  propo.se  a  solution  for  compensating  fiber  chromatic  dispersion  which  distorts  the  radiation  pattern. 

The  main  noise  sources  for  the  optical  links  are  the  ASE-LO  beat  noise,  as  well  as  the  laser  phase  noise. 
From  our  analysis,  we  see  that  for  a  typical  radar  signal  and  realistic  optical  system  parameters,  we  can 
obtain  a  signal-to-noise  ratio  and  dynamic  range  for  both  AM  and  FM  schemes  which  meet  the  stringent 
requirements  of  modern  radar  systems. 
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The  Use  of  Optically  Coherent  Detection  Techniques 
for  True-Time  Delay  Phased  Array  and  Systems 

Ligeng  Xu,  Robert  Taylor,  and  Stephen  R.  Forrest,  Fellow,  IEEE 


Abstract — We  analyze  a  true-time-delay,  optically  controlled 
phased  array  antenna  system  whereby  beam  forming  is  accom¬ 
plished  using  a  large  number  of  antenna  elements  that  can 
receive  any  of  several  different  microwave  true-time-delays  via 
the  use  of  coherent  optical  carriers  transmitted  through  a  single 
fiber.  The  transmitter  and  receiver  architectures  are  described  in 
detail.  We  present  calculations  for  the  signal-to-noise  ratio  (SNR), 
the  signal-to-interchannel  interference  ratio  (SIR)  and  dynamic 
range  (DR)  of  one  channel  for  various  modulation-demodulation 
schemes  (te.,  AM-heterodyne,  FM,  PM).  We  show  for  an  example 
system  that  can  accommodate  128  antenna  elements  and  provide 
128  different  delays  (7  bits),  assuming  AM  modulation  with  a 
bandwidth  of  1  MHz,  a  transmitter  power  of  -5  dBm  and  a  laser 
linewidth  of  10  MHz,  we  can  obtain  DR  ^  50  dB  for  one  channel 
using  a  channel  separation  twelve  times  of  that  of  the  microwave 
frequency  (/m).  For  the  FM  scheme,  DR  60  dB  can  be  obtained 
for  one  channel  with  a  laser  linewidth  of  1  MHz,  a  FM  modulation 
index  of  one,  and  a  channel  spacing  of  about  13/m.  With  a  local 
oscUlator  laser  tuning  range  of  100  A,  the  system  can  provide 
seven-bit  resolution  for  a  128  element  antenna  array.  It  is  found 
that  coherent  optically  controlled  phased  array  antennas  provide 
unproved  controllability  over  direct  detection  method,  and  can 
have  the  SNR,  SIR  and  DR  that  meet  the  stringent  requirements 
of  modem  high  resolution  microwave  antenna  systems. 


Nomenclature 


0 

FM  modulation  index 

Ti 

Parameters  for  signal  and  noise  powers 
of  the  AM  scheme 

A/ 

Maximum  optical  frequency  deviation 
for  the  FM  scheme  (=/3/m) 

Ai/ 

3-dB  laser  linewidth 

u 

Optical  carrier  frequency 

(l>s{t) 

Phase  of  the  intermediate  frequency  signal 

<^ph^e(^) 

Phase  noise 

r 

Pulse  width  of  radar  signals 

a;iF 

Angular  intermediate  frequency  (IF) 

As 

IF  current  amplitude,  2R\/PsPhO 

ASE 

Amplified  spontaneous  emission 

B 

Bandwidth  of  the  radar  signal 

Bif 

IF  bandwidth 

C{f) 

Radar  signal  spectrum 

c 

Optical  signal  velocity  in  fibers 

D 

Channel  spacing 
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DEi 

Time  delay  for  the  ith  antenna  element 

DR 

Dynamic  range 

F 

Noise  figure  of  the  optical  amplifier  system 

fm 

Microwave  signal  frequency 

fr 

Pulse  repetition  frequency  of  radar  signals 

/if 

Intermediate  frequency 

Gi 

Optical  gain 

Gtot 

Total  optical  gain  of  one  channel 

HiAf) 

Transfer  function  of  the  bandpass  filter  for 
IF  signals 

mf) 

Transfer  function  of  the  final  filter 

h 

Planck  constant 

iiF{t) 

Intermediate  frequency  current 

kB 

Boltzmann  constant  (=  1.38  x  10”^^  J/K) 

Li 

Optical  loss 

M 

Number  of  antenna  elements 

m 

AM  modulation  index 

N 

Number  of  different  delays  corresponding  t< 
bit  resolution 

n{t) 

Noise  current 

^int(0 

Interference  current 

PSD 

Power  spectral  density 

■Fint-final 

Interference  power  at  the  final  output 

•Fin-max 

RF  power  input  that  results  in  third  order 
power  equal  to  noise  power 

Fin-min 

RF  power  input  that  results  in  SNR  =  1 

Flo 

Local  oscillator  laser  power 

F. 

Optical  power  of  one  channel  incident  on 
one  receiver 

F 5-final 

Signal  power  of  the  primary  channel  at 

s-total 


QN 


NR 

[nif) 

^n, thermal 
^n,shot 
>n,LO-ASE 
>n,RIN 

<^phase 


x{t) 


the  final  output 

Total  optical  signal  power  incident  on  one  receiver 
Photoresponsivity  of  detectors 
Relative  intensity  noise  of  lasers(in  units  of  dB/Hz) 
Resistance  of  the  receiver,  usually  50  Cl 
Signal-to-interchannel-interference  ratio 
Signal-to-noise  ratio 

PSD  of  the  total  noise  current  at  the  IF  region 

PSD  of  thermal  noise 

PSD  of  shot  noise 

PSD  of  the  LO-ASE  beat  noise 

PSD  of  relative  intensity  noise 

PSD  of  the  time  derivative  of  laser  phase  noise 

temperature 

Number  of  delays  needed  on  the 
optical  receiver  site 
Modulation  signal 
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L  Introduction 

HASED  ARRAY  antenna  systems  provide  great  flexibility 
for  radar  beam  formation,  steering  and  detection  [l]-[3]. 
Recently,  much  effort  has  been  devoted  to  introducing  and 
transmitting  the  phase  delay  of  microwave  signals  via  optical 
means  [4]'-[13].  This  effort  has  been  motivated  by  the  obvious 
advantages  of  fiber  optic  systems.  For  example,  since  the 
microwave  signals  are  modulated  on  optical  carriers  which 
are  transmitted  through  silica  fibers,  the  system  is  immune 
to  electromagnetic  interference.  In  addition,  by  using  fibers 
instead  of  metal  waveguides  or  coaxial  cables,  and  optical 
devices  instead  of  bulky  microwave  phase  delay  devices, 
such  systems  can  be  light-weight  and  hence  have  potential 
usefulness  on  aircraft  and  satellite  platforms.  Finally,  if  the 
system  employs  true-time-delay  [2]  and  [10],  it  can  have 
very  large  instantaneous  bandwidth  which  is  useful  for  multi¬ 
frequency  communication  and  radar  systems  free  from  “beam 
squint”  [10]. 

There  have  been  many  different  architectures  suggested 
to  transmit  and  control  a  series  of  microwave  delays  using 
optical  means.  Some  systems  [4]-[6]  use  bulk  optics  which 
suffer  from  thermal  and  mechanical  instabilities.  Others  [7] 
use  heterodyning  of  two  injection-locked  lasers  to  gener¬ 
ate  and  control  the  microwave  signal.  These  typically  are 
not  true-time-delay  architectures,  and  hence  their  instanta¬ 
neous  band  widths  are  small.  For  this  reason,  true-time-delay 
systems  using  intensity  modulation/direct  detection  (IM/DD) 
techniques  have  also  been  developed  [8]-[12].  The  high  loss 
and  interchannel  interference  due  to  relatively  low  on/off  ratios 
of  optical  switches  makes  it  difficult  to  build  such  a  system 
based  on  cascaded  (or  serial)  fiber-optic  delay  lines.  Thus, 
IM/DD  systems  typically  utilize  parallel  delay  lines  along  with 
bias-switched  lasers  and  detectors  selecting  between  various 
delays.  In  these  structures,  the  number  of  delay  lines,  lasers 
and  receivers  is  on  the  order  of  M  ■  /V,  where  M  is  the  number 
of  antenna  elements  and  iV  is  the  number  of  different  delays. 
For  a  large  scale  system  where  both  M  and  N  exceed  10^, 
this  method  becomes  quite  cumbersome  or  even  impractical. 
In  addition,  such  fiber  optic  delay  systems  require  N  fibers 
of  precise  and  equal  lengths  from  the  control  to  the  antenna 
site.  This  is  a  particularly  stringent  requirement  for  some  high 
bandwidth  systems  where  the  distance  between  the  controller 
and  antenna  array  exceed  several  tens  of  meters.  Thus,  im¬ 
plementation  of  such  optically  steered  phased  array  antenna 
systems  are  currently  hampered  by  the  extreme  complexity 
involved  in  efficiently  transmitting  hundreds  of  high  quality 
(i.e.  low  loss  and  low  interference)  microwave  delays  from 
the  control  site  to  the  antenna  array. 

To  overcome  several  of  these  difficulties,  and  to  effectively 
feed  different  delays  to  the  antenna  elements,  Freitag  and 
Forrest  proposed  a  true-time-delay  phased  array  system  based 
on  multichannel,  broadband  coherent  detection  techniques 
[13].  The  system  was  unique  in  that  a  large  number  of  different 
delays  are  transmitted  through  a  single  fiber,  using  on  the 
order  of  only  M  N  optical  transmitters  and  receivers. 
The  system  can  be  made  optically  transparent  by  employing 
heterodyne  detection  plus  optical  amplifiers.  In  this  paper. 


we  quantitatively  analyze  the  performance  of  the  coherent 
optically  controlled  phased  airay  transmitter  and  receiver 
system  of  [13].  We  find  that  such  a  multichannel  system 
has  very  low  interchannel  interference,  high  signal-to-noise 
ratio  (SNR),  and  dynamic  range  (DR).  Semiconductor  lasers 
used  in  this  system  reduce  both  size  and  cost,  and  increase 
robustness  and  tuning  range.  Even  with  the  comparatively 
large  semiconductor  laser  linewidths,  Doppler  radar  can  still 
be  implemented  using  this  architecture. 

The  paper  is  organized  as  follows.  In  Section  II,  the  trans¬ 
mitter  and  receiver  structures,  and  some  system  issues  are 
described  in  detail.  Section  III  describes  the  spectra  of  radar 
signals,  and  introduces  analytical  methods  to  treat  such  issues 
as  noise,  signal-to-noise  ratio  (SNR)  for  one  channel,  signal- 
to-interchannel-interference  ratio  (SIR),  and  dynamic  range 
(DR).  We  also  provide  parameters  for  an  example  system 
which  can  accommodate  128  antenna  elements  and  provide 
128  different  delays,  whose  performance  is  evaluated  in  the 
following  sections.  In  Sections  IV  and  V,  we  provide  the 
results  of  calculations  for  SNR,  SIR,  DR,  channel  spacing, 
and  the  number  of  channels  that  can  be  accommodated  for 
optical  AM,  FM  and  PM  modulation  schemes.  In  Section 
VI,  comparisons  are  made  concerning  the  advantages  and 
disadvantages  of  coherent  and  other  architectures  currently 
under  investigation.  We  present  conclusions  in  Section  Vn. 

IL  System  Description 
A.  The  Transmitter  Antenna 

It  is  known  that  the  direction  and  wave  pattern  incident  on  or 
transmitted  from  an  array  antenna  can  be  changed  by  properly 
varying  the  phase  of  the  signal  emitted  from  each  array  ele¬ 
ment.  In  the  coherent  system  architecture,  microwave  signals 
are  modulated  on  optical  carriers  with  different  frequencies 
(i.e.  different  optical  channels),  and  are  transmitted  to  antenna 
elements  with  the  delays  imposed  by  sending  each  earner 
through  different  fiber  lengths.  Due  to  the  optical  channel 
selectivity  of  coherent  detection  afforded  by  using  heterodyne 
optic-to-microwave  receivers  at  each  antenna  element,  the 
delayed  signals  can  be  distributed  to  the  various  elements  to 
achieve  the  desired  beam  direction. 

Fig.  1  is  a  schematic  diagram  of  the  antenna  transmitter. 
Each  element  in  the  input  laser  array  has  a  different  fixed 
optical  frequency,  /ofc,  where  indicates  the  A:th  laser  in  the 
array.  The  same  microwave  signal  modulates  each  of  the  N 
lasers  in  the  array,  using  either  direct  or  external  modulation. 
The  optical  signals  are  then  coupled  to  fibers  of  different 
lengths  to  introduce  the  true  time  delay.  Thus,  N  is  the  number 
of  different  delays  in  the  system  which  determines  the  bit 
resolution  of  the  phased  array.  For  example,  if  =  128  =2^, 
then  the  system  has  seven  bit  resolution.  Different  lengths 
of  fibers  correspond  to  different  time  delays.  For  example, 
a  1-mm  fiber  length  difference  corresponds  to  a  5  x  10”^^s 
delay,  which  is  a  1.8°-phase  delay  for  a  1-GHz  microwave 
signal.  It  is  reported  that  using  silica  based  planar  waveguide 
technology,  the  delay  can  be  controlled  to  a  precision  of  2 
ps  [11],  which  corresponds  to  0.7  degree  for  a  1-GHz  signal. 
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Next,  the  several  delayed  signals  are  combined  onto  a  single 
fiber  and  sent  to  the  antenna  array,  where  the  signals  are 
distributed  to  the  coherent  receivers  using  a  1  xM  splitter. 
The  N  optical  signals  are  subsequently  incident  on  each  of 
the  M  coherent  receivers,  along  with  a  local  oscillator  (LO) 
laser  signal  which  is  tuned  to  provide  kth  receiver  with  a 
frequency  /lofc.  By  tuning  fiok,  the  signal  on  any  particular 
optical  channel  can  be  coherently  detected.  The  photodetected 
signals  are  then  demodulated  electronically  to  recover  the 
original  microwave  signals  with  different  time  delays  fed  to 
the  desired  antenna  elements.  With  LO  lasers  associated  with 
each  antenna  element  tuned  to  different  frequencies,  various 
time-delays  are  fed  to  the  array  elements,  thereby  steering  the 
beam  to  different  directions. 

This  optically  steered  phased  array  antenna  system  requires 
M  N  optical  transmitters  plus  receivers,  instead  of  M  x 
N  typical  of  EM/DD  systems.  Furthermore,  all  the  delays 
are  transmitted  on  different  optical  carrier  frequencies  along 
a  single  fiber,  thereby  obviating  the  need  for  cutting  and 
adjusting  hundreds  of  long  fibers  extending  from  the  control 
to  the  antenna  site.  This  also  allows  for  compensation  of  the 
optical  loss  from  the  combiners,  splitters  and  other  optical 
devices  by  putting  a  small  number  of  optical  amplifiers  (e.g. 
erbium-doped  fiber  amplifiers,  or  EDFA’s)  along  the  fiber. 
Since  beam  steering  is  accomplished  by  tuning  the  LO  to 
route  the  different  delays  to  the  several  antenna  elements,  the 
steering  speed  is  determined  by  how  rapidly  the  LO  laser  can 
be  tuned.  Typically,  for  laser  diodes  this  is  in  the  range  of  I 
ns^  1  ms  [14],  which  is  sufficient  for  most  applications.  By 
individually  adjusting  the  microwave  amplifiers  or  the  receiver 
gain,  the  system  can  easily  shape  the  beam. 

In  an  antenna  array  system,  a  greater  number  of  delays 
leads  to  a  higher  angular  resolution  and  steering  accuracy. 
In  Fig.  1,  the  number  of  different  delays  which  corresponds  to 
the  number  of  optical  channels  is  limited  by  the  tuning  range 
of  the  LO  laser.  Currently,  wide  tuning  ranges  of  ~83  nm 
of  single  mode  operation  have  been  demonstrated  for  DBR 
lasers  [15].  Using  external  cavities  and  gratings,  the  tuning 
range  can  also  approach  several  tens  of  nanometers  with  a  very 
narrow  linewidth  [16].  For  very  large  scale  systems  where  the 
tuning  range  of  an  LO  laser  is  insufficient,  one  can  employ 
several  LO’s  for  each  optical  receiver.  In  this  case,  each  LO 
covers  a  different  region  of  the  tuning  spectrum  within  the 
total  frequency  band  occupied  by  all  channels.  This  scheme 
is  shown  in  Fig.  2(a).  An  alternative  means  is  to  use  several 


signals  coming  to  one  antenna  element 


(a) 

3  dB  coupler 


(b) 

Fig.  2.  Expansion  methods  for  the  transmitter  structure  using  (a)  the  multiple 
local  laser  scheme,  and  (b)  the  multiple  receiver  scheme.  Using  these  methods, 
the  system  can  accommodate  more  delays  than  in  Fig.  1  with  a  limited  laser 
tuning  range. 

receivers  corresponding  to  several  different  delays  transmitted 
to  one  antenna  element,  which  is  shown  in  Fig.  2(b).  For 
example,  assume  that  the  n  delay  lines  at  the  combiner 
input  introduce  the  delays:  0,  At,  2  At,...  ,  (n— 1)  At  in 
ascending  order.  Each  signal  is  again  split  into  k  branches 
which  introduce  additional  delays  0,  nAt,  2nAt, . .  .,(fc— 1) 
n  At  after  which  they  reach  the  different  antenna  element 
receivers.  The  antenna  element  only  receives  one  of  the  several 
signals  from  these  different  receivers  using  electronic  switches. 
By  this  means,  the  total  number  of  different  delays  for  the 
system  is  kn. 

B.  The  Receiver  Antenna 

Using  a  structure  similar  to  that  of  the  transmitter  in  Fig.  1, 
the  system  is  also  capable  of  detecting  signals  amving  from 
different  directions.  This  is  accomplished  by  delaying  signals 
received  from  the  several  antenna  elements  so  that  they  are 
added  in  phase  to  obtain  a  detectable  output.  Fig.  3(a)  shows 
the  basic  receiver  architecture.  The  signals  from  the  various 
antenna  elements  are  modulated  on  different  optical  earners 
corresponding  to  different  optical  channels.  The  optical  signals 
are  then  combined  and  transmitted  from  the  antenna  site  to  the 
optical  receiver  site,  where  they  are  incident  on  each  optically 
coherent  receiver  through  various  lengths  of  fibers  which 
introduce  the  true  time  delays.  Here,  each  receiver  corresponds 
to  a  particular  delay.  When  the  frequency  of  an  LO  laser  is 
tuned  to  some  optical  channel,  the  associated  optical  receiver 
outputs  the  delayed  microwave  signal  modulated  on  this 
channel.  In  the  receive  mode,  the  signal  amving  at  each 
antenna  is  delayed  by  an  amount  consistent  with  the  beam 
direction,  and  the  signals  are  then  brought  in  phase  and 
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Fig.  3.  The  coherent  optically  controlled  phased  array  antenna  receiver,  (a) 
The  basic  receiver  structure,  and  (b)  the  receiver  structure  with  less  optical 
receivers  and  delay  lines. 

summed  to  obtain  the  total  signal.  Employing  a  sufficiently 
large  number  of  optical  receivers  with  various  lengths  of 
fibers  ensures  that  the  system  can  provide  proper  delays  for 
each  direction.  From  Fig.  3(a),  we  see  that  the  receiver  has 
advantages  similar  to  that  of  the  transmitter,  such  as  using  a 
single  fiber  as  the  main  transmission  line,  amplification  along 
this  fiber  etc. 

The  receiver  is  slightly  more  complex  than  the  transmitter 
in  terms  of  the  number  of  delay  lines  used.  Nevertheless,  the 
number  of  optical  delay  lines  (corresponding  to  the  number 
of  optical  receivers)  is  linearly  proportional  to  N,  where 
N  is  the  number  of  different  delays  required  to  achieve  a 
given  bit  resolution.  We  will  see  below  that  the  difference 
between  the  number  of  delays  and  delay  lines  arises  since  the 
transmitting  and  receiving  signals  of  one  antenna  element  do 
not  necessarily  share  the  same  path  in  the  optically  coherent 
detection  scheme.  To  understand  how  many  delay  lines  are 
required,  consider  a  one  dimensional,  linear  phased  array 
antenna.  Assume  that  there  are  M  antenna  elements,  and 
that  there  are  N  different,  equally  spaced  delays  at  time 
intervals  of  0,  At,  2  At,.,.,  (N—l)  At,  where  At  is  the 
smallest  time  increment.  For  receiving  signals  arriving  from 
various  angles,  the  delays  introduced  for  the  antenna  elements 
1  to  M  can  either  increase  or  decrease  monotonically.  For 
broadside  detection  (the  signal  oriented  perpendicular  to  the 
plane  of  the  antenna  array),  the  signals  received  from  all 
antenna  elements  should  be  fed  with  M  identical  delays.  For 
directions  near  to  but  not  at  the  broadside  direction,  the  signals 
received  from  many  neighboring  antenna  elements  have  to  be 


fed  with  identical  delays  due  to  lack  of  digital  resolution.  In 
the  antenna  transmitter,  one  delayed  signal  can  be  fed  to  any 
number  of  antenna  elements  simultaneously.  For  the  antenna 
receiver,  however,  one  would  like  to  use  one  optical  receiver 
to  receive  all  the  signals  requiring  the  same  delay.  But  as 
we  show  in  Appendix  A,  this  imposes  extremely  stringent 
requirements  on  the  transmitter  lasers,  and  also  requires  precise 
delays.  Therefore,  practical  receivers  must  provide  more  than 
N  delay  lines  to  detect  signals  near  the  broadside  direction. 
Employing  coherent  detection  techniques,  one  receiver  and  its 
corresponding  delay  line  can  be  used  for  different  antenna 
elements  at  each  different  detection  angle.  Hence,  the  total 
number  of  delay  lines  is  still  much  smaller  than  that  required 
for  the  IM/DD  detection  scheme.  In  Appendix  B,  we  show  that 
for  the  special  case  of  M  =  N,  the  total  number  of  delay  lines 
{X)  is  approximately  MlnM.  For  the  case  where  N  >  M, 
X  =  {N  -  M)  +  MlnM.  These  are  both  much  smaller  than 
M  X  N  required  for  an  IM/DD  system  if  M,N  >  10. 

We  see  from  the  above  that  for  N  >  M,  X  ^  N,  where 
N  is  the  smallest  number  of  delays  the  system  must  provide 
for  the  required  detection  resolution.  For  the  case  where  N  is 
not  much  larger  than  M,  we  can  further  reduce  the  number  of 
optical  receivers  (and  delay  lines)  by  the  architecture  shown 
in  Fig.  3(b).  Here,  we  introduce  delays  at  both  the  optical 
receivers  and  the  antenna  elements.  In  this  case,  the  total  delay 
for  the  signal  from  one  antenna  element  is  the  sum  of  the 
delays  corresponding  to  the  antenna  element  and  the  receiver. 
By  appropriately  arranging  the  delays  for  the  antenna  elements, 
the  antenna  can  be  pointed  to  every  desired  direction  while 
the  number  of  delay  lines  and  optical  receivers  is  reduced. 
In  Appendix  C,  an  arrangement  of  the  delays  at  the  antenna 
site  is  analyzed  and  it  is  found  that  when  N  =  jM,  the  total 
number  of  delays  needed  at  the  receiver  site  (X)  is  (1.5+ 1/j) 
N  when  j  is  an  integer,  and  X=  (1.5[^]+  1)  M  when  j  is  not 
an  integer,  but  where  [j]  is  the  least  integer  that  is  not  smaller 
than  j.  Here,  X  is  approximately  linearly  proportional  to  N. 
For  example,  if  there  are  128  antenna  elements  and  the  system 
requires  128  different  delays  (7  bit  resolution),  then  using  the 
arrangement  given  in  Appendix  C,  only  320  (=(1.5  +1)  x 
128)  delay  lines  are  needed  at  the  optical  receiver  site.  Such 
a  system  requires  128  optical  transmitters  and  320  coherent 
receivers  with  corresponding  delays.  We  call  this  a  “128  x 
320”  system. 

The  analysis  can  easily  be  extended  for  two  dimensional 
beam  forming  and  steering  (i.e.  a  planar  phased  array),  where 
the  smallest  time  increments  Ati,  At2  for  the  two  spatial 
dimensions  (elevation  and  azimuth)  are  different,  and  with 
Ni  and  N2  being  the  number  of  different  delays  for  the 
two  dimensions,  respectively.  The  number  of  delay  lines  and 
optical  receivers  are  still  linearly  proportional  to  the  number 
of  different  delays,  Ni  ■  N2,  while  for  the  IM/DD  scheme, 
it  is  on  the  order  of  {Ni  •  N2)^.  If  Ati  =  the  number 
for  both  coherent  and  IM/DD  systems  are  smaller  than  the 
corresponding  systems  where  Ati  ^  ^^2- 

For  the  receiver  antenna,  the  number  of  antenna  elements 
determines  the  number  of  optical  channels  needed.  If  the 
tuning  range  of  one  LO  laser  is  not  sufficiently  wide,  multiple 
LO’s  can  be  used  to  cover  the  different  frequency  ranges, 
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Fig.  4.  The  schematic  diagram  of  a  multistage  optical  amplification  system. 


similar  to  the  transmitter  structure  in  Fig.  2(b).  Alternatively, 
the  antenna  airay  can  be  divided  into  several  sub-groups, 
each  of  which  has  fewer  antenna  elements  and  needs  a  delay 
feed  system  with  a  smaller  number  of  optical  channels.  The 
received  signal  is  then  just  the  sum  of  the  output  microwave 
signals  from  each  sub-group. 

C.  Optical  Amplifier  Performance 

Both  semiconductor  optical  amplifiers  (SOA)  and  erbium- 
doped  fiber  amplifiers  (EDFA)  can  be  used  to  compensate 
for  power  losses  at  the  combiners,  splitters,  etc.,  and  to 
prevent  degradation  of  the  signal-to-noise  ratio  (SNR).  The 
SOA  is  compact  and  can  be  integrated  with  other  devices 
such  as  lasers,  modulators,  combiners/splitters,  and  has  a  wide 
bandwidth.  On  the  other  hand,  the  EDFA  can  accommodate 
more  power,  and  the  noise  figure  is  low  in  comparison 
to  the  SOA.  To  achieve  a  high  SNR,  the  system  is  most 
advantageously  implemented  in  several  cascaded  gain  stages 
as  shown  in  Fig.  4.  The  total  effective  noise  figure  of  the 
optical  amplifier  system  with  respect  to  the  signal  of  one 
channel  is  [17] 

where  and  Fn  are  the  gain  and  noise  figure,  respectively, 
for  the  nth  stage  in  the  amplifier  cascade,  Ln  is  the  optical  loss 
before  each  stage,  and  Ki  is  the  number  of  amplifiers  in  the 
first  stage.  Now,  ATi  is  in  (1)  because  after  the  signals  combine, 
the  noise  in  one  channel  is  due  to  the  amplified-spontaneous- 
emission  (ASE)  noise  from  all  optical  amplifiers  in  the  first 
stage.  Assume  GijLi  >  1  (since  the  gain  is  usually  much 
larger  than  the  loss  of  the  first  stage)  and  Gi/L^  >  1  for  z  =  2, 
3.  In  this  case,  the  contribution  to  the  noise  from  the  first  stage 
amplifiers  dominates  over  subsequent  stages  in  the  cascade. 
Provided  that  the  gain  of  the  following  stages  can  compensate 
the  loss  of  each  stage,  the  noise  figure  is  1)  -h 

1)  even  if  there  are  additional  splittings  after  the  combinations 
in  the  architecture  shown  in  Fig.  1,  as  required,  for  example, 
by  the  expanded  transmitter  in  Fig.  2(b). 

For  an  EDFA,  the  noise  is  mainly  due  to  ASE  noise  even 
for  multichannel  amplification.  On  the  other  hand,  an  SOA  has 
both  ASE  noise  and  crosstalk,  which  depends  on  the  number 
of  channels,  the  optical  input  power,  and  the  modulation 
scheme  of  the  optical  signal.  These  gain  depletion  effects 
are  difficult  to  treat,  and  are  usually  estimated  numerically 


[18].  For  simplicity,  therefore  we  consider  here  only  EDFA- 
based  systems.  The  performance  of  an  example  EDFA-based 
antenna  feed  system  consisting  of  128  transmitter  lasers  and 
320  optical  receivers  is  illustrated  in  Table  I,  For  this  system, 
the  optical  gain  of  one  channel  is  -3.2  dB,  indicating  that  such 
coherent  systems  can  be  made  nearly  transparent.  There  have 
been  reports  of  EDFA’s  with  gains  of  54  dB  and  3.1-dB  noise 
figure  [19].  Thus,  using  currently  available  EDFA’s,  one  can 
achieve  the  performance  predicted  in  Table  I,  where  the  noise 
figure  is  approximately  N'F\  for  each  channel  in  an  iV  channel 
system.  The  noise  figure  of  the  EDFA’s  of  the  example  128 
X  320  system  is  25  dB.  As  will  be  shown  below,  this  noise 
figure  determines  the  overall  system  performance,  especially 
the  SNR  and  DR.  Utilizing  optical  filters  whose  passbands  are 
limited  to  the  signal  bandwidth  after  each  EDFA,  the  noise 
figure  can  be  further  reduced  to  r^LiFi,  or  ^^16  dB. 


D.  Miscellaneous  System  Issues 

Fiber  chromatic  dispersion  will  cause  signals  propagating  in 
different  channels  to  travel  at  different  speeds.  This  problem 
is  especially  acute  for  systems  consisting  of  a  large  number 
of  channels  where  the  wavelength  difference  between  some 
channels  is  quite  large.  When  the  system  is  used  in  aerospace 
applications,  the  length  of  the  fiber  is  typically  less  than  several 
tens  of  meters.  In  this  case,  even  if  the  system  covers  a 
large  frequency  range,  dispersion  will  not  cause  serious  prob¬ 
lems.  However,  for  terrestrial  systems  where  the  fiber  length 
can  exceed  a  kilometer,  dispersion  can  potentially  introduce 
additional  time  delays  for  different  channels,  which  cannot 
be  neglected  for  precise  beam  steering.  This  is  especially 
true  for  systems  with  many  channels.  To  solve  this  problem, 
the  central  frequencies  of  the  input  laser  arrays  are  fixed, 
thereby  determining  the  optical  group  velocity  of  each  channel. 
Assume  that  the  group  velocity  of  channel  k  is  Ck,  then  after 
traveling  through  a  fiber  of  length  L,  any  other  channel  k  will 
have  an  additional  time  delay  of  {Lfck  —  L/co)  compared  to 
channel  0.  To  compensate  for  this  additional  delay,  we  make 
the  fiber  associated  with  channel  fc,  {L/ck  -  L/co)ck  shorter 
before  it  combines  with  other  channels.  For  example,  a  typical 
value  of  dispersion  for  dispersion-shifted  single  mode  fiber 
at  1.55  pm  is  around  1  ps/km*nm.  For  two  optical  channels 
separated  in  wavelength  by  AA  =  1  nm,  and  using  a  1  km  long 
fiber,  the  time  delay  difference  is  1  ps.  If  the  channel  separation 
is  10  nm  and  the  fiber  length  is  10  km,  the  additional  delay 
would  be  100  ps,  which  is  a  significant  delay  for  a  1-GHz 
signal. 

For  very  high  frequency  antenna  systems  (i.e.  several  tens  of 
GHz),  it  is  difficult  to  directly  use  coherent  detection,  because 
the  intermediate  frequency  (frequency  difference  between  the 
incoming  optical  signal  and  the  LO  signal)  is  too  high  for 
use  with  conventional  microwave  devices.  In  this  case,  the 
coherent  system  can  be  used  to  introduce  true-time  delay  at 
a  low  frequency  (e.g.  ^  1  GHz).  For  producing  microwave 
transmitting  signals,  microwave  mixers  and  local  oscillators 
are  then  used  to  up-shift  the  delayed  signals  into  the  high 
frequency  band  desired.  Conversely,  for  receiving,  mixers 
are  used  to  down-shift  the  frequency  before  introducing  the 
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time  delays  [20].  These  microwave  frequency  shifts  can  be 
achieved  up  to  frequencies  as  high  as  several  tens  of  GHz 
using  conventional  diode  mixers  [21]. 

In  this  paper,  we  discuss  digitalized  time  delays,  which  will 
introduce  some  errors  in  the  desired  beam  characteristics  [2]. 
For  systems  with  a  large  number  of  delays,  however,  this  error 
tends  to  be  very  small. 

In  the  following  sections,  we  calculate  the  SNR,  SIR  and 
DR  of  one  channel  in  a  128  x  320  example  system,  illustrating 
the  system  performance.  However,  in  a  phased  array  receiver, 
the  final  signal  is  the  sum  of  the  signals  from  each  antenna 
element.  Due  to  their  coherence,  the  signal  amplitudes  are 
added,  although  the  noise  contributions  are  added  in  power. 
Hence,  the  system  SNR,  DR  and  SIR  will  be  M  times  larger 
than  those  of  one  channel,  where  M  is  the  number  of  antenna 
elements. 

III.  System  Evaluation 

In  this  section,  we  discuss  general  approaches  for  the  quan¬ 
titative  evaluation  of  the  performance  of  the  coherent  optically 
controlled  phased  array  antenna  system.  We  first  discuss  the 
typical  spectra  of  radar  signals,  and  then  derive  expressions 
to  calculate  the  signal-to-noise  ratio  (SNR),  dynamic  range 
(DR),  signal-to-interchannel-interference  ratio  (SIR),  optimum 
optical  channel  spacing  and  the  number  of  optical  channels  that 
can  be  accommodated.  In  the  following  sections,  we  apply 
these  expressions  to  evaluate  the  performance  of  an  example 
antenna  receiver  which  has  128  elements  and  7  bit  resolution 
(the  128  X  320  system  as  discussed  in  Section  II-B). 

A.  The  Radar  Spectrum 

A  radar  signal  typically  consists  of  a  sequence  of  pulsed, 
high  frequency  oscillations.  The  spectrum  of  this  microwave 
signal  can  be  expressed  as  [2] 

C{f)=0.5ia{f  +  fm)  +  Ctif-fm))  .  (2) 

where 

oo 

Cbif)=  sm{T:nTfr)/{'Jmfr)S{f  -  nfr) 

n=— OO 

for  a  long  train  of  coherent  pulses, 
and 

Cbif)  =  sin(7rT/)/(ir/) 

for  an  incoherent  pulse  train. 

Here,  fr  is  the  pulse  repetition  frequency  (PRF),  r  is  the  pulse 
width,  and  fm  is  the  microwave  oscillation  frequency.  From 
(2),  we  see  that  the  characteristic  spectrum  of  a  radar  signal 
is  a  sine  function  centered  at  fm,  typically  between  1  and  20 
GHz,  with  most  of  the  power  concentrated  in  a  comparatively 
narrow  bandwidth  whicli  spans  a  frequency  range  on  the  order 
of  1/r  with  a  typical  value  of  1  MHz.  The  narrow  bandwidth  of 
the  signal  enables  the  system  to  greatly  reduce  the  wideband 
noise. 

For  Doppler  radar  systems,  a  coherent  pulse  train  is  trans¬ 
mitted  to  obtain  a  nearly  discrete  spectrum,  so  that  the  fre¬ 
quency  shifts  within  one  PRF  range  can  be  determined  [1]. 
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Fig.  5.  Radar  signal  spectrum  for  (a)  a  single  pulse  and  an  incoherent  pulse 
train,  and  (b)  a  long  coherent  pulse  train. 


From  the  following  analysis,  we  find  that  the  demodulated 
microwave  signals  from  the  optical  carrier  can  still  maintain 
the  original  spectrum  of  the  modulating  microwave  signals, 
thereby  ensuring  that  this  system  can  employ  Doppler  phe¬ 
nomena. 


B.  System  Noise 

We  now  consider  the  noise  from  optical  modulation,  trans¬ 
mission  and  detection.  After  photodetection,  for  the  simplest 
case,  the  IF  (intermediate  frequency)  signal  current  can  be 
expressed  as 

iiF(f)  =  A[t)  cos[a;iFt  +  (t>s(t)  4-  </>phase(0]  +  n{t)  + 

(3) 

Here,  A{t)  and  </>s(i)  represent  the  amplitude  and  phase  mod¬ 
ulation,  respectively,  for  the  amplitude  modulation  (AM),  fre¬ 
quency  modulation  (FM)  or  phase  modulation  (PM)  schemes, 
a;iF  =  27r/iF  is  the  angular  IF  frequency,  <;6phase  is  the  laser 
phase  noise,  n(t)  is  the  additive  noise  of  the  system,  and 
Uintit)  is  the  interference  signal  current  from  other  channels. 
In  this  paper,  the  noise  power  spectral  density  is  taken  single- 
side-band.  The  power  spectral  density  (PSD)  of  the  time 
derivative  of  the  phase  noise  is  [22] 


=  AitAiy 


(4) 


where  Ai/  is  the  sum  of  the  transmitter  and  LO  laser 
linewidths.  The  additive  noise,  n(f),  consists  of  thermal  noise, 
shot  noise,  relative  intensity  noise,  and  the  beat  of  the  LO 
laser  with  the  EDFA  amplified  spontaneous  emission  (ASE) 
noise.  The  PSD  of  each  noise  source  is  given  below  [22], 
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Fig.  6.  Illustration  of  the  channel  placement  for  (a)  |/n-i  -  fhol  >  /iFi 
the  NEAR-LO  scheme,  and(b)  |/n-i  -  /loI  <  /iF,  the  FAR-LO  scheme. 
Here,  fn  and  /„_i  are  the  central  optical  frequencies  of  channel  n  and 
n  —  1,  /lo  is  frequency  of  LO  laser,  /if  =  |/n  —  /loI  is  the  intermediate 
frequency,  and  Bs  is  the  optical  channel  spacing.  The  second  configuration 
can  save  some  channel  spacing  for  a  high  /if  and  a  comparatively  narrow 
signal  bandwidth. 

[23].  The  thermal  noise  5n, thermal  is 
c 

thermal  —  ^ 

r 

where  ks  is  Boltzmann’s  constant,  T  is  temperature  and  r  is 
the  input  resistance  of  the  receiver.  The  shot  noise  '^Tijshot  is 

*5n,shot  =  2eR{pLO  +  ^s-total)  (^) 

where  R  is  the  responsivity  of  the  detector,  P^o  is  the  optical 
power  of  the  local  oscillator,  and  Pg-totai  is  the  optical  power 
of  all  signals  incident  on  a  receiver.  That  is,  P s-totai  is 
approximately  equal  to  the  optical  power  of  one  channel  that 
is  incident  on  a  receiver  (Ps)  multiplied  by  the  number  of 
channels.  The  LO-ASE  beat  noise  »S'n,LO“ASE  is  then  given  by 

5n,LO-ASE  =  2R^hl/{F  -  l)GtotPhO  (7) 

where  h  is  Planck’s  constant,  u  is  the  optical  frequency,  F  is 
the  optical  amplifier  noise  figure,  which  can  be  obtained  from 
(1),  and  Gtot  is  the  total  optical  gain  for  one  channel.  Next, 
the  PSD  of  the  laser  relative  intensity  noise  is  [22] 

5n.RiN  =  (8) 

where  RIN^  and  RINlo  are  the  relative  intensity  noise  con- 
tributions  (in  dB/Hz)  of  the  transmitter  and  LO  lasers,  respec¬ 
tively.  If  balanced  optical  receivers  are  considered,  then  most 
of  the  contribution  of  the  relative  intensity  noise,  together  with 


the  direct  detection  and  beat  terms  between  signal  channels 
will  be  canceled  [24].  We  will  see  below  that  the  RIN 
nevertheless  contributes  to  the  total  noise  of  coherent  receivers. 
Summing  (5H7),  the  PSD  of  the  additive  noise  current  is 
given  by 

Snif)  =  2R:^hu{F  -  l)GtotPLO 

,  4/csT 

+  2eRiPL0  +  ^s-totai)  +  •  W 

When  Flo  is  sufficiently  large  (typically  >0  dBm),  the  shot 
noise  is  larger  than  the  thermal  noise.  Also,  the  LO-ASE  beat 
noise  is  larger  than  the  shot  noise  provided  that  the  optical 
amplification  is  sufficiently  large.  Thus  the  LO-ASE  noise 
usually  dominates  the  frequency  independent  noise  expression 
in  (9).  The  discussion  in  Section  II  shows  that  the  ASE 
noise  usually  comes  from  the  first  amplifier  stage.  Thus,  small 
variations  in  the  subsequent  splitting  and  amplification  will 
have  little  effect  on  the  actual  SNR  if  the  LO-ASE  noise 
dominates. 

C.  Signal-to-Interchannel-Interference  Ratio 
(SIR)  and  Dynamic  Range  (DR) 

For  a  large  multichannel  system,  one  must  consider  the 
bandwidth  and  minimum  channel  spacing  required  to  ac¬ 
commodate  the  desired  number  of  delays  while  keeping  the 
interchannel  interference  at  an  acceptably  low  level.  If  bal¬ 
anced  coherent  receivers  are  used,  interference  from  all  other 
channels  degrades  the  signal  of  the  primary  channel  only 
through  the  effect  of  excess  shot  noise  and  the  LO-undesired 
channel  interference  [24].  We  have  considered  the  excess  shot 
noise  in  (6).  Here  the  SIR  is  defined  as  the  ratio  of  the  power 
received  in  the  primary  signal  channel  (Fs-finai)  to  the  total 
LO/undesired  channel  interference  power  (Pint-final)  at  the 
output.  That  is 

(10) 

Pint-final 

Following  Glance,  et  al,  [25],  there  are  two  schemes 
which  avoid  excessive  interference  in  the  IF  domain.  In 
both  schemes,  optical  channels  are  equally  spaced  in  optical 
frequency  domain.  In  one  scheme,  the  LO  frequency  is 
positioned  nearest  to  the  primary  channel  as  shown  in  Fig.  6(a) 
We  name  this  the  “NEAR-LO”  scheme.  In  this  scheme, 
a  channel  spacing  of  D  >  2/if  is  required.  Most  of  the 
interference  for  the  primary  channel,  fc,  comes  from  the 
nearest  neighbor  channel,  fc  —  1.  Increasing  D  will  decrease 
the  interference.  Alternatively,  the  LO  frequency  can  be 
positioned  nearest  to  one  of  the  adjacent  channels  [Fig.  6(b)]. 
When  a  high  IF  frequency  and  comparatively  narrow  sipal 
bandwidth  are  required,  as  is  the  case  for  the  AM  modulation- 
demodulation,  or  a  small  modulation  index  for  FM  and  PM, 
Fig.  6(b)  only  requires  an  optical  channel  spacing  which  is 
comparable  to  /if,  while  keeping  the  interchannel  interference 
at  an  acceptably  low  level.  For  Fig.  6(b),  the  interchannel 
interference  mainly  comes  from  channels  /c  —  1  and  k—  2. 
In  this  scheme  (called  the  “FAR-LO  scheme),  for  a  fixed 
/if,  the  interference  is  minimum  at  D  =  4  /if/3,  where  the 
channels  are  also  equally  spaced  in  the  IF  domain.  In  Sections 
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Fig.  7.  Schematic  diagram  of  an  AM-WIRNA  link.  WIRNA  stands  for  wideband  filter-rectifier-narrow-band  filter  receiver.  WBP  =  wide  bandpass  filter, 
NBP  =  narrow  bandpass  filter,  and  SLD  =  square  law  detector. 


rv  and  V,  we  will  estimate  the  SIR  for  both  the*  NEAR-LO 
and  FAR-LO  schemes  and  make  some  comparisons.  Given 
the  optical  channel  spacing  required  to  get  a  small  SIR  and 
the  tuning  range  available  to  LO  lasers,  we  will  calculate 
the  number  of  optical  channels  that  can  be  accommodated 
in  each  case. 

The  dynamic  range  of  the  microwave-optic  link  is  defined 
as  the  ratio  of  the  maximum  input  RF  power  (Pmax)  to  the 
minimum  input  RF  power  (Pmin)-  Here,  Pmin  is  the  RF  power 
that  results  in  5/iV  =  1  at  the  output,  and  P^ax  is  the  power 
when  the  nonlinear  distortion  power  equals  the  noise  power. 
Hence  [22] 


DR  =  10  log 


L  Pin-min  j 


(11) 


IV.  Analog  am  Antenna  Links 


IF  filter  which  covers  this  frequency  range  in  a  WIRNA  re¬ 
ceiver  is  desirable.  With  a  non-zero  laser  linewidth,  the  signal 
spectrum  is  widened  and  the  filter  needs  to  be  approximately 
12.7  Az/  wider  to  accommodate  more  than  95%  of  the  signal 
energy  [27].  The  IF  bandwidth  is  therefore  given  by 

PIF  =  2/n^+4/r-hl2.7AI/.  (14) 


The  second  filter  should  be  centered  at  fm  with  a  bandwidth 
of  several  l/r  to  obtain  the  final  output.  For  convenience  of 
analysis,  an  ideal  rectangular  bandpass  filter  is  assumed.  The 
transfer  function  of  the  two  filters  can  thus  be  expressed  as 


Tj  |/-/if|  < /m  +  2/r-h6.4Az/ 

IiiF(/J  -  otherwise, 

rr  /  rx  _  f  1  1/  /ml  <  2/r 

\0  Otherwise, 


A.  SNR  Performance  of  AM  Links 

Wideband  filter-rectifier-narrow-band  filter  (WIRNA)  pro¬ 
cessing  has  been  suggested  [22]  as  an  efficient  and  laser-phase- 
noise-insensitive  means  to  receive  analog  AM  signals.  A  block 
diagram  of  a  typical  WIRNA  receiver  is  shown  in  Fig.  7.  Here, 
a  wide  bandpass  filter  is  used  to  pass  the  IF  signal.  This  is 
followed  by  a  square  law  detector  and  a  narrow  band  filter  to 
demodulate  the  signal.  For  the  antenna  systems  in  Figs.  1  and 
3,  the  IF  current,  ziF(f)  is  given  by 


lIF(t)  =  ^[cOs(wiFi  +  <?^phase(t)  +  mx{t)) 

-  sin(a;iFi  +  i^phase(i))]  +  ^{t)  +  (12) 


with  As{t)  =  2J?v'PsPlo-  Also,  P,  is  the  optical  signal  power 
of  one  channel  and  Plo  is  the  LO  power.  Here,  m  is  the  modu¬ 
lation  index  and  x{t)  is  the  normalized  modulation  signal.  The 
Mach-Zehnder  modulated  signal  is  an  AM  modulated  signal  in 
the  sense  that  when  the  IF  current  is  squared,  the  signal  term 
can  be  obtained  by  a  low  pass  filter.  This  is  evident  by  taking 
the  square  of  (12)  while  neglecting  all  of  the  noise  terms. 

Assume  that  the  interference  noise,  nint{t)  is  negligible  and 
7nx{t)  C  1,  then  (12)  becomes 


hrit)  -  ;^[cos(a;iFf  +  0phase(i))  “  (1  +  mx{t)) 

X  sin(a;iFt  +  </>phase(i))]  +  n{t). 


(13) 


Most  of  the  signal  power  is  concentrated  around  /if  ±  /m- 
For  a  laser  linewidth  of  Ai/  =  0,  more  than  95%  of  the  signal 
power  falls  within  /if  ±  (/m-f  2/  r).  Hence,  a  rectangular 


The  impulse  response  of  the  two  filters,  /zif(^)  and  h2(t), 
can  be  calculated  through  the  Fourier  transform  of  Pif(/)  and 
H2{f).  This  leads  to  the  following  expression  for  the  output 
power  after  the  square  law  device  and  narrow  band  filter  [22] 

P DUt  ^  P sig  +  Psd  +  Psn  +  P nn  +  ■PniN.ad 

=  +  rs)^ 

+  (T,m'^+rs)A^,SM)+^6Slif) 

^  /  RINr^o  RINs  \  \ 

+  +  lO^jjP.  (17) 

The  first  term  is  the  signal  power,  and  the  remaining  terms  are 
noise  contributions.  The  T  parameters  depend  on  Pif  and  P, 
with  Ts  also  depending  on  /if*  The  term  Pgd  is  due  to  phase 
noise,  Psn  is  the  beat  of  the  signal  and  the  additive  noise,  and 
Pnn  is  the  squared  additive  noise.  Also,  PRjN,ad  is  the  noise 
term  induced  by  the  laser  RIN  in  the  LO-desired  channel  cross 
term,  and  cannot  be  canceled  by  a  balanced  receiver.  The  two 
terms  in  Pgd  and  Psn  are  due  to  the  received  signal  having  both 
a  carrier  and  message  term.  Laser  phase  noise  causes  the  signal 
spectrum  to  be  broadened,  and  it  degrades  the  SNR  in  two 
ways.  First,  since  the  IF  signal  spectrum  is  broadened,  when 
the  signal  passes  the  IF  filter,  some  of  the  signal  spectrum  is  cut 
off.  Thus,  it  causes  phase-noise-to-intensity-noise  conversion. 
Second,  the  spectrum  of  the  square  of  the  IF  current  in  (3) 
has  a  carrier  component  at  2/if,  which  is  also  broadened  by 
the  laser  phase  noise.  If  /if  is  finite,  some  power  of  this  term 
falls  within  the  bandwidth,  P,  and  degrades  the  signal. 

For  a  reasonable  optical  power,  Psn  is  always  much  larger 
than  Pnn-  Thus,  if  the  laser  linewidth  is  very  narrow,  the  RIN 
is  very  small  (-140  dB/Hz),  and  7nx(t)  <  1.  The  expression 
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Fig.  8.  Signal-to-noise  ratio  (SNR)  versus  signal  power  of  one  channel  of 
AM  links  for  fio  =  10  <fBm,  B  =  1  MHz,  fm  =  I  GHz,  R  =  0.6  AAV, 
m  =  0.1. 


for  the  SNR  then  simplifies  to 

SNR  =  ^rimyPLoPsGtot 

Usually  the  LO-ASE  noise  is  the  most  significant  noise  in 
source  5n(/).  Thus,  (18)  further  simplifies  to 

2rim2p, 


SNR  = 


TshuF 


(19) 


where  Ts  is  proportional  to  B.  If  is  not  too  large,  and 
if  the  IF  frequency  is  much  larger  than  the  microwave  signal 
frequency,  then  the  signal  distortion  due  to  the  laser  phase 
noise  is  very  low.  As  both  theoretical  and  experimental  results 
have  shown  [22],  [26],  this  scheme  is  basically  linewidth 
insensitive.  The  demodulated  microwave  signal  can  therefore 
maintain  the  spectral  purity  of  the  original  signal.  Thus,  for 
systems  using  lasers  with  low  RIN,  narrow  linewidth,  and 
high  LO  power,  (19)  can  be  used  to  calculate  the  SNR  for 
one  optical  channel. 

Fig.  8  is  a  plot  of  SNR  versus  Ps  for  one  channel  in  the 
128  X  320  example  system  of  Section  II.  For  a  1  GHz  signal, 
the  laser  phase  noise  (Au  ^  0)  degrades  the  signal  more  for  a 
low  IF  (2  GHz)  than  for  a  high  IF  (9  GHz)  due  to  the  reasons 
discussed  above.  The  SNR  is  5  to  10  dB  lower  for  /if  =  2 
GHz  than  at  9  GHz.  It  is  shown  that  for  Ai/  —  \0  MHz,  with 
a  high  IF  and  a  wide  IF  bandpass  filter,  and  for  Ps  <  Plo»  the 
main  noise  source  is  the  LO-ASE  noise,  and  the  SNR  increases 
with  Ps.  As  Ps  approaches  Plo»  the  increase  of  SNR  with 
Ps  saturates.  The  saturation  is  due  to  the  dominance  of  shot 
noise  contributed  by  the  total  optical  signal  power  of  all  the 
channels,  as  indicated  in  (6).  Further  increase  in  the  optical 
signal  power  above  Plo  will  therefore  not  improve  the  SNR 
performance.  As  the  laser  linewidth  increases,  more  of  the 
signal  power  spectrum  is  cut  off  by  the  IF  bandpass  filter, 
causing  the  phase-noise-to-intensity-noise  conversion,  which 
in  turn  decreases  the  SNR.  Nevertheless,  from  the  calculations 
we  see  that  if  Pg  is  not  excessively  large  (i.e.  <5  dBm),  this 
effect  is  small.  From  Fig.  8,  we  see  that  for  m  =  0.1,  Ai/  < 
10  MHz,  P,  =  0  dBm,  /if  =  9  GHz,  Bw  =  3  GHz,  B  =  1 
MHz  then  SNR  =  46  dB.  Thus,  in  order  to  get  a  high  SNR, 
then  a  high  IF,  small  Au  and  high  signal  power  are  required. 

As  the  noise  is  mainly  due  to  the  LO-ASE  noise,  putting  an 
optical  filter  after  each  first  stage  optical  amplifier  significantly 
reduces  the  ASE  noise  of  the  adjacent  channels.  For  our 


example  system,  the  SNR  of  one  channel  can  be  increased 
by  10  dB  using  such  filter  techniques. 


B.  SIR  and  the  Channel  Spacing 

To  calculate  the  interchannel  interference,  we  simplify  the 
problem  by  considering  the  contribution  from  neighboring 
channels  whose  signal  spectrum  is  noise-free,  i.e.  we  assume 
SNR  >  1.  From  (13),  the  spectrum  of  one  channel  of  the  AM 
IF  signal  without  noise  is  given  by 


CamU)  = 


- /if) +  /if) 


(20) 


where  C{f)  is  the  spectral  coefficient  of  the  radar  signal 
given  in  (2).  Equation  12  shows  that  the  IF  current,  has  an 
interference  term.  After  being  filtered  and  squared,  there  are 
two  terms  from  interference:  one  is  the  beat  between  the 
signal  and  the  interference,  the  other  is  the  square  term  of  the 
interference.  In  the  limit  of  small  interference,  the  first  term 
is  always  much  larger  than  the  second.  Thus  the  interference 
power  can  be  calculated  as 

Pint  =  j  Mf)H,r{f)\*[intif)HMf)]-H2(f)fdf  (21) 

where  ${f)  and  int(/)  are  the  spectra  of  the  signal  and 
interference  currents  at  the  IF  stage,  respectively,  and  * 
denotes  the  convolution  operation. 

Fig.  9  shows  the  SIR  for  the  AM  scheme  where  the  channel 
bandwidth  accommodates  more  than  95%  of  the  signal  energy. 
Usually  for  /^r  >  1,  Pif  is  slightly  larger  than  2fm> 
For  the  NEAR-LO  scheme  shown  in  Figs.  6(a)  and  9(a),  the 
calculations  indicate  that  when  the  channel  spacing  (D)  is 
slightly  more  than  2/if+  2fm,  then  SIR  >  60  dB.  For  the 
FAR-LO  scheme  in  Figs.  6(b)  and  9(b),  SIR  >  60  dB  when 
P  is  in  a  small  range  from  /if H-/m  to  2/if-  2/^,  and  the  SIR 
is  at  maximum  when  D  =  4/if/3.  For  both  schemes,  a  smaller 
/if  leads  to  a  smaller  D  and  SIR.  For  multichannel  systems, 
on  one  hand,  we  want  D  small  so  that  for  a  given  frequency 
tuning  range,  more  channels  can  be  used;  on  the  other  hand, 
we  want  to  keep  both  SIR  and  SNR  large  to  get  a  high  quality 
signal,  and  this  requires  a  large  /if  and  D.  Since  the  SIR  is 
very  high  for  this  system,  the  SNR  and  channel  spacing  are 
the  main  concerns  in  choosing  a  proper  /if.  To  get  a  high 
SNR,  a  large  /if  is  required,  and  the  FAR-LO  scheme  can 
be  used  to  reduce  channel  spacing.  For  /if  =  9fm  using  the 
FAR-LO  scheme  and  a  channel  spacing  of  ^  12/^,  the  SIR 
can  be  as  high  as  70  dB.  These  calculations  are  independent 
of  the  modulation  depth,  optical  power,  or  RF  power.  When 
the  SNR  changes  as  the  optical  power  or  modulation  index 
changes,  the  SIR  does  not  change.  Hence,  for  proper  channel 
spacing,  interchannel  interference  does  little  to  degrade  the 
system  performance. 


C.  Dynamic  Range  of  the  AM  Links 

From  the  results  of  Section  IV-B,  we  know  that  the  inter¬ 
channel  interference  can  always  be  kept  very  low  while  the 
microwave  signal  power  or  the  optical  signal  power  changes, 
and  thus  it  has  little  effect  on  the  dynamic  range.  Taking  the 
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Fig.  9.  Signal-to-interchannel-interference  ratio  (SIR)  versus  channel  spac¬ 
ing  of  AM  links  for  (a)  the  NEAR-LO  scheme,  and  (b)  the  FAR-LO  scheme  of 
Fig.  6  for  a  1-GHz  signal.  The  SIR  is  insensitive  to  the  modulation  index  and 
optical  power.  Because  an  ideal  balanced  receiver  is  assumed,  more  channels 
would  have  little  effect  on  this  result. 


Optical  signal  power  (dBm) 

Fig.  10.  Dynamic  range  (DR)  of  AM  links.The  DR  is  limited  by  the  noise 
floor  and  the  third  order  intermodulation  distortion. 

third  order  intermodulation  distortion  as  the  limit  for  channel 
linearity,  the  dynamic  range  of  AM  links  is  calculated  using 
(22),  shown  at  the  bottom  of  the  page. 

Fig.  10  shows  the  calculated  DR  for  different  laser 
linewidths,  Az/,  and  different  IF  frequencies.  It  is  found  that 
within  a  reasonable  signal  power  range,  if  Au  is  not  too 
large  (i.e.  <  10  MHz),  and  the  /if  is  high  (e.g.  9  GHz),  the 
laser  phase  noise  does  not  affect  the  DR  performance.  When 
the  signal  power  of  one  channel  at  the  transmitter  is  only 
—5  dBm,  the  dynamic  range  is  around  50  dB  for  a  1-MHz 
bandwidth,  which  corresponds  to  110  dB/Hz.  These  values 
suggest  reasonably  good  DR  performance. 


Fig.  11.  Relative-intensity-noise  (RIN)  effect  on  the  DR  of  AM  links  for 
B  =  1  MHz,  /if  =  9  GHz,  Au  =  10  MHz  and  Plo  =  10  dBm.  Both  the 
transmitter  and  LO  lasers  are  assumed  to  have  the  same  RIN  value. 

The  above  calculations  assume  that  the  RIN  of  lasers  is 
very  small  (<-140  dB/Hz).  Fig.  11  shows  the  effect  of  RIN 
on  the  dynamic  range  of  an  AM-WIRNA  receiver.  We  see 
that  the  system  performance  is  reasonably  insensitive  to  the 
RIN  for  most  practically  achievable  laser  noise  levels  [28]. 
For  example,  when  Plo  =  dBm,  the  DR  is  flat  up  to 
RIN  =  -130  dB/Hz  for  Ps  =  0  dBm,  and  it  is  flat  up  to 
RIN  =  -120  dB/Hz  for  P^  =  -10  dBm. 

The  above  calculations  also  assume  a  narrow  passband  of 
the  final  filter.  In  an  actual  system,  the  received  signal  is  down¬ 
shifted  in  frequency  by  mixing  with  a  local  oscillator  prior  to 
the  narrow  bandpass  filter.  Since  mixing  with  a  pure  local 
oscillator  signal  results  in  a  simple  frequency  transfer  of  the 
signal  and  noise  spectra,  the  noise  effect  on  the  optical  links 
remains  the  same  as  obtained  above,  as  well  as  for  the  FM 
and  PM  schemes  described  in  the  following  section. 

The  calculations  of  this  section  show  that  for  one  channel 
in  a  *T 28  X  320”  example  system,  the  optical  AM  scheme 
achieves  a  high  SIR  =  70  dB,  and  DR  =  50  dB  for  a  1-MHz 
signal  bandwidth.  Furthermore,  a  channel  spacing  of  12/m 
is  sufficient  (for  /if  =  9/m)  if  the  laser  linewidth  and  1/r  is 
much  smaller  than  /m,  which  is  usually  true.  Given  that  1  A  = 
12  GHz,  a  10-nm  laser  tuning  range  can  easily  accommodate 
100  optical  channels  for  a  1  GHz  microwave  signal. 


V.  FM  AND  PM  Phase  Delay  Schemes 
A.  SNR  of  the  FM  Scheme 

Fig.  12  is  a  schematic  diagram  for  a  typical  optical  FM 
demodulation  receiver  [22].  After  the  heterodyne  photodetec¬ 
tion,  a  rectangular  bandpass  filter  (Pjf)  is  used  to  pass  most  of 
the  power  of  the  selected  channel  while  reducing  interference 
from  all  other  channels.  The  signal  is  then  demodulated  by  a 
electronic  differentiator  and  envelope  detector,  and  then  passes 
a  second  bandpass  filter  similar  to  that  used  in  AM  schemes  to 
obtain  a  noise-reduced  output  signal.  Carson’s  Law  [17]  states 


DR  =  10  log 


/  TiA^  V 

VrsAf  +  TsA'^SM)  +  nSnif)^  +  riA4(10l^IN:.o/10  +  ioMN./IO)^  j 


(22) 
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Schematic  diagram  of  an  optical  FM  receiver.  Here,  djdt  is  the  microwave  differentiator,  Env  is  the  envelope  detector,  and  LPF  is  the  low  pass  filter. 


that  to  pass  nearly  98%  of  the  signal  power.  Bit  niust  be 

Bit  =  2(/9  +  l)B^  (23) 

where  B^  is  equal  to  the  high  frequency  cutoff  of  the  final 
pass  band  of  (16),  and  (3  is  the  modulation  index.  If  rfm  <  1. 
Be  is  approximately  equal  to  fm-  We  now  define  A/  as  the 
maximum  instantaneous  optical  frequency  deviation 

A/  -  0Be  ^  PU  '  (24) 

Once  again  we  use  [22]  as  the  starting  point  for  analyzing 
FM  link  performance.  For  our  architecture,  the  power  spectral 
density  (PSD)  around  fm  caused  by  the  additive  noise  after 
the  discriminator  is 

Sn  =  Sn(f){2v  fmTD?'  (25) 

where  is  the  time  constant  of  the  differentiator.  The  PSD 
of  the  noise  current  around  fm  caused  by  phase  noise  is  then 

5phase  =  AirrlR'^P^G  tot  PhO^i'-  (26) 


Here,  the  phase  noise  of  lasers  becomes  white  noise  in  the 
microwave  frequency  domain  after  signal  demodulation.  Thus 
the  demodulated  signal  can  still  have  a  linewidth  equal  to  that 
of  the  original  microwave  signal. 

From  (25)  and  (26),  the  SNR  for  FM  systems  is 


27r^  A  fR^^PsG  tot  Plo 

B[Sn{2'jrfm)^  +  ATrR^PsGtotPLO^^] ' 


Usually  the  LO-ASE  beat  noise  is  the  most  significant  con¬ 
tribution  to  Sn{f),  in  which  case  the  above  formula  can  be 
simply  expressed  as 


SNR-‘ 


B  \4hi^Ffl 

A/2  [  P, 


(28) 


It  is  shown  in  (27)  and  (28)  that  when  the  product  of  the 
signal  power  and  the  laser  linewidth  is  large,  the  phase  noise  is 
the  most  significant  noise  source.  Otherwise  the  postdetector 
white  noise,  especially  the  LO-ASE  noise,  is  dominant.  Fig.  13 
shows  the  calculations  of  SNR  for  one  channel  in  the  example 
system  of  Table  I.  Fig.  13(a)  shows  SNR  versus  the  signal 
power  for  different  laser  linewidths.  For  Pg  =  -10  dBm,  the 
white  noise  dominates  when  the  laser  linewidth  is  below  100 
kHz.  When  Au  >  \  MHz,  phase  noise  tends  to  dominate.  It  is 
also  clear  from  Fig.  13(a)  that  when  the  optical  signal  power 
is  large,  the  laser  phase  noise  limits  the  highest  SNR  that  one 
channel  can  achieve.  Further  increasing  signal  power  beyond 
a  certain  point  will  not  improve  the  system  SNR  performance. 
With  the  optical  link  parameters  given  in  Table  I  and  Ai/  =  1 
MHz,  a  final  passband  of  1  MHz,  a  signal  power  of  - 10  dBm, 
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Fig.  13.  Signal-to-noise  ratio  (SNR)  of  FM  schemes  for  different  laser 
linewidths.  (a)  SNR  versus  the  optical  signal  power,  and  (b)  SNR  versus 
the  maximum  frequency  deviation. 


a  LO  power  of  10  dBm,  and  A/  =  2  GHz,  we  obtain  SNR 
=  64  dB,  which  is  124  dB/Hz.  This  is  significantly  higher 
than  can  be  obtained  using  the  AM  scheme  for  the  same  input 
optical  power.  Fig.  13(b)  shows  the  SNR  versus  the  maximum 
frequency  deviation(  A/).  We  see  that  increasing  the  maximum 
frequency  deviation  by  one  order  of  magnitude  increases  the 
SNR  by  20  dB  since  SNR  oc  A/^  in  (27)  and  (28). 


B.  SIR  and  Channel  Spacing  for  FM  Links 

Most  of  the  signal  power  in  the  IF  current  lies  around 
/if  ±  kfm  for  A:  =  0,  1,2  . . . ,  and  the  interference  power 
lies  around  |/o,adj  -  /lo|  ±  ^/m.  Here,  /o,adj  is  the  central 
optical  frequency  of  the  interference  channel  and  /lo  is  the  LO 
frequency.  Following  [17],  the  most  significant  interference 
(Pint-ir)  comes  from  the  spectral  components  that  are  around 
/if  ±  fm-  The  SIR  can  be  expressed  as 


ApPs-iF 

/m^int-IF 


P^Ps-lF 

Pint-IF 


(29) 


where  the  Ps-if  is  the  signal  power  at  the  IF  stage.  Fig.  14(a) 
and  (b)  shows  the  SIR  versus  channel  spacing  for  both  kinds 
of  channel  arrangements  illustrated  in  Fig.  6.  For  the  NEAR- 
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♦Losses  are  taken  to  be  0.1  dB  for  each  splice  connection 
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Fig.  14.  Signal-to-inlerchannel-interference  (SIR)  versus  channel  spacing  of 
(a)  the  NEAR-LO  scheme  (b)  the  FAR-LO  FM  scheme  for  a  1  GHz  signal. 

LO  scheme  in  Fig.  6(a)  where  \  fn-i  “  /lo|  >  \fn  -  fhol  a 
high  SIR  can  be  achieved  for  FM  schemes.  For  example,  for 
j3  =  2, /if  =  9/m  and  Bs  =  25/m,  SIR  =  64  dB.  The 
channel  spacing,  however,  should  be  >2(^0+  l)/m  +  2/if, 
which  is  larger  than  that  required  for  AM  transmission.  A 
smaller  /if  leads  to  a  smaller  channel  spacing,  although  /if 
should  be  greater  than  (/?  +  l)/m  in  order  to  have  a  sufficiently 
wide  IF  passband  to  pass  most  of  the  signal  power.  Generally 
speaking,  for  FM,  if  a  large  modulation  index  is  used,  we 
employ  the  NEAR-LO  scheme. 

For  the  FAR-LO  scheme  in  Fig.  6(b),  then  |/n~i  -  /lo|  > 
l/n  —  /lo|-  Assuming  /3  =  2  and  /if  =  10  GHz,  the  SIR  is 
around  57  dB  when  the  channel  spacing  is  between  13  /m 
and  14  /m.  As  illustrated  in  Fig.  6(b),  the  FAR-LO  scheme  is 
only  suitable  for  narrow  channel  bandwidths,  i.e.  for  a  small 
modulation  index,  or  a  small  A/.  The  demodulation  of  the  FM 
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Fig.  15.  Schematic  diagram  for  optical  PM  receivers.  Here,  the  optical  FM 
receiver  stands  for  the  block  diagram“receiver”  in  Fig.  12. 


signal  requires  envelop  detection  at  the  last  step  (see  Fig.  12). 
Thus  a  large  /if  is  desirable  to  obtain  a  high  quality  signal. 
Under  this  situation  (high  /if  and  low  ^),  the  FAR-LO  scheme 
is  prefered  because  it  uses  a  smaller  channel  spacing.  Due  to 
the  large  total  bandwidths,  a  100  A  laser  tuning  range  is  needed 
to  accommodate  100  channels. 

C.  Dynamic  Range  of  FM  Systems 

To  obtain  a  high  SNR  and  a  small  distortion  of  the  de¬ 
modulated  signal,  a  large  linear  frequency  response  range  of 
the  laser  to  the  modulation  current  or  voltage  is  desirable. 
The  SNR  calculations  also  show  the  DR  for  the  corresponding 
largest  linear  frequency  response.  For  example,  Fig.  13  shows 
that  with  parameters  of  the  128  x  320  system  given  in  Table 
I,  a  laser  linewidth  of  Ai/  =  1  MHz,  a  signal  bandwidth  of  1 
MHz,  an  optical  signal  power  of  -  10  dBm  per  channej,  and 
a  maximum  linear  optical  frequency  deviation  of  2  GHz,  the 
SNR  =  64  dB,  and  the  DR  of  a  single  channel  is  also  64  dB. 


D.  The  PM  Scheme 

There  are  two  ways  of  using  optical  phase  modulation 
to  transmit  the  radar  signal  (see  Fig.  15).  Here,  the  block 
diagram  of  the  “optical  FM  receiver”  represents  the  schematic 
diagram  shown  in  Fig.  12.  We  see  that  the  difference  between 
Figs.  i5(a)  and  15(b)  is  that  the  RF  integrator  is  placed  either 
before  phase  modulating  the  light  or  after  the  optical  FM  re¬ 
ceiver.  If  the  RF  integrator  is  placed  before  phase  modulation, 
the  integrated  radar  signal  is  still  a  pulsed  oscillation  of  the 
original  frequency  with  a  phase  change,  which  is  similar  to 
the  integration  of  a  sinusoidal  signal.  Thus,  for  the  cases  in 
Fig.  15,  the  phase  modulation  spectrum  is  similar  to  that  for 
FM  modulation.  For  the  scheme  of  Fig.  15(a),  the  performance 
evaluation  is  almost  the  same  as  the  FM  scheme  discussed 
above.  For  the  scheme  of  Fig.  15(b),  the  laser  phase  noise 
directly  affects  the  final  signal,  which  might  degrade  the  signal 
somewhat  more  severely. 
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In  both  FM  and  PM,  there  are  two  main  noise  sources:  LO- 
ASE  noise  and  laser  phase  noise.  Reducing  the  laser  phase 
noise  or  increasing  the  maximum  optical  frequency  deviation 
can  increase  the  SNR  or  DR  of  the  system.  For  a  small 
modulation  index,  the  FAR-LO  scheme  in  Fig.  6(a)  can  give 
a  much  narrower  channel  spacing  while  keeping  the  SIR  high. 
For  the  case  of  a  large  modulation  index,  the  NEAR>LO 
scheme  has  to  be  used  and  a  much  larger  channel  spacing 
is  needed.  For  a  1-GHz  radar  signal,  100  channels  can  be 
accommodated  by  lasers  with  a  tuning  range  of  100  A.  One 
channel  can  achieve  a  60-dB  dynamic  range  for  a  1  MHz 
signal  bandwidth,  even  with  a  small  modulation  index. 

VI.  System  Comparisons 

We  now  compare  the  coherent  system  and  a  typical 
archetype  IM/DD  system.  The  most  important  advantage 
of  the  coherent  optically  controlled  phased  array  antenna 
described  here  is  that  it  is  readily  expandable  to  a  large  number 
of  elements.  The  basic  system  can  easily  accommodate  10^ 
channels  in  a  single  fiber,  and  feed  any  combination  of  the  10^ 
true-time  delays  to  10^  antenna  array  elements  by  using  only 
10^  optical  transmitters  and  coherent  receivers.  In  contrast,  a 
generic  IM/DD  system  [10]  typically  requires  10^  lasers  and 
10"^  fibers  of  precisely  determined  lengths.  If  the  transmitter 
lasers  are  far  away  from  the  antenna  elements,  the  IM/DD 
system  requires  an  additional  10^  long  transmission  fibers 
to  be  cut  precisely  to  within  0.1  mm  and  maintained  in  the 
same  configuration  so  that  the  total  optical  path  of  the  several 
transmission  fibers  are  equal.  For  both  the  antenna  transmitter 
and  receiver,  the  numbers  of  lasers,  optical  receivers  and 
precisely  cut  fibers  of  the  coherent  system  are  far  less  than 
that  required  for  an  IM/DD  system.  In  addition,  the  receiver 
sensitivity,  direction  sweep  rate,  SNR  and  DR  of  the  coherent 
scheme  is  often  better  than  or  comparable  to  IM/DD  systems. 

In  recent  years,  there  have  been  substantial  improvements 
in  coherent  detection  techniques.  For  example,  there  have 
been  several  proposals  and  demonstrations  of  frequency  sta¬ 
bilization  schemes  [29],  [30].  External  cavity  lasers  with 
gratings  can  have  several  thousands  of  GHz  tuning  range 
with  laser  linewidths  below  1  MHz  [16].  Polarization  diversity 
methods  can  also  be  used  to  maintain  polarization  control  [31]. 
Thus,  although  one  coherent  link  is  more  complex  than  an 
IM/DD  link  because  of  the  difficulties  inherent  in  frequency 
stabilization  of  the  transmitter  lasers,  wide  tuning  range  of 
the  local  lasers  and  polarization  control,  for  a  large  scale 
antenna  system  such  as  those  currently  under  consideration, 
the  coherent  approach  is  more  readily  adaptable. 

An  alternative  architecture  is  based  on  wavelength-division¬ 
multiplexing,  direct-detection  (WDM/DD)  systems.  The  trans¬ 
mitter  and  receiver  structures  described  in  Section  II  of  this 
paper  are  also  suitable  for  a  WDM/DD  system  by  using 
tunable  optical  receivers  (e.g.,  tunable  optical  filters  plus 
direct  detection  receivers)  instead  of  coherent  receivers.  There 
has  been  a  report  of  a  10^  channel  WDM  system  using 
tunable  optical  receivers  [29].  Coherent  systems  have  an 
inherent  advantage  over  the  WDM  systems:  due  to  the  sharp 
passband  shape  of  the  IF  bandpass  filter  in  the  microwave 


TABLE  n 

Comparisons  of  Coherent,  IM/DD  and 
WDM/DD  Phased  Array  Antenna  Systems 


System  architecture 

IM/DD 

OFDM.dircci  detection 

Coherent  hetcTodyne 

Receiver 

Direct-detection, 

tunable  optical  fslter 

multichannel 

coherent-detection , 

multichannel 

fair 

poor 

_S2e3 - 

<10  GHz 

<10  GHz 

1 

100 

100  or  more 

MxN 

M+N 

M+N 

1  ns 

Is 

1  ns-1  ms 

IM 

IM 

AM  or  FM 

SNR  and  DR 

EOOd 

poor  or  fair 

- 

Cross  uDc 

low 

-14  dB 

<-50dB 

frequency  range,  a  coherent  system  usually  has  very  low 
interchannel  interference.  For  WDM  systems,  the  passbands 
of  tunable  optical  filters  usually  are  periodic  (the  filter  is 
typically  interferometric)  and  the  corresponding  multichannel 
system  therefore  has  much  larger  interchannel  interference. 
This  results  in  reduced  SNR  and  DR  than  that  of  a  coherent 
system.  For  digital  signal  transmission,  the  interference  of  a 
WDM  system  might  be  tolerable,  whereas  for  analog  systems 
such  as  that  employed  for  radar  and  CATV  signal  detection, 
where  a  very  high  SNR  and  dynamic  range  is  required,  this 
causes  severe  problems.  In  comparing  other  parameters  such  as 
receiver  sensitivity,  minimum  channel  spacing  and  switching 
speed,  a  coherent  system  also  has  superior  performance  than 
WDM  systems.  Furthermore,  although  a  WDM  system  does 
not  necessarily  require  polarization  control  and  the  modula¬ 
tion/demodulation  methods  are  much  more  simple,  a  wide 
range  tunable  optical  filter  switcliable  for  delay  transmission 
is  still  difficult  to  fabricate  [29]. 

We  summarize  the  comparisons  between  typical  coherent, 
IM/DD  and  WDM/DD  systems  in  Table  H.  From  most  of  the 
comparison  categories  in  Table  II,  the  coherent  architecture 
appears  to  be  very  promising  for  large  scale  phased  array 
antenna  systems. 

VII.  Conclusion 

Table  III  summarizes  some  of  the  calculation  results  con¬ 
cerning  the  128  X  320  example  system.  Generally,  all  three 
schemes  can  provide  good  system  performance  such  as  high 
SIR,  SNR  and  DR.  The  AM  technique  requires  the  smallest 
channel  spacing  and  is  relatively  insensitive  to  the  laser  phase 
noise.  FM  and  PM  can  provide  a  higher  DR  by  using  a 
larger  modulation  index,  although  a  larger  channel  spacing 
is  required. 

As  shown  in  Sections  IV  and  V,  the  AM-WIRNA  receiver  is 
relatively  laser-phase-noise- insensitive;  and  for  FM  reveivers, 
the  laser  phase  noise  becomes  white  noise  at  the  output.  Thus, 
the  output  microwave  signal  maintains  its  original  linewidth 
in  the  frequency  domain.  This  is  a  crucial  characteristic  to 
ensure  that  the  coherent  system  can  be  used  for  application  of 
the  Doppler  effect  to  radar  systems,  where  the  receiver  should 
be  able  to  detect  very  small  spectral  shifts  of  the  return  signals. 

In  summary,  we  have  analyzed  a  true-time-delay  phased 
array  antenna  system  using  fiber  optic  techniques  with  co¬ 
herent  detection.  This  system  has  several  advantages  over 
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TABLE  in 

Comparisons  Between  the  AM  and  FM  Schemes 


modulaiion 

scheme 

min.  optical 

channel 

spacing 

dynamic 
range  of  one 
channel 

S/N  for 
one 

channel 

SIR  for 
one 

channel 

AM 

12  GHz 
fO.l  nm) 

50  dB 

40  dB 
(m=0.1) 

>60dB 

FM  (P=l 

Av=l  MHz) 

12  GHz 
(0.1  nm) 

65  dB 

65  dB 

>50dB 

*  Assume  that  the  optical  power  of  one  channel  is  -5  dBm. 

For  128  channels,  the  optical  bandwidth  at  1.55  pm  is: 


AM:  12.8  nm 
iM:  12.8  nm 

conventional  electronically  steered  systems.  It  has  large  instan¬ 
taneous  bandwidth  and  thus  is  “squint  free  .  Due  to  the  gain 
control  from  both  the  LO  lasers  and  the  subsequent  electronic 
amplifiers,  it  has  flexibility  for  beam  shaping  and  null  steering. 
Both  transmitter  and  receiver  structures  are  discussed.  In  this 
paper,  comparisons  with  direct  detection  systems  are  made, 
and  it  is  shown  that  the  coherent  system  is  adaptable  for  large 
scale  systems.  We  also  propose  a  solution  for  compensating 
fiber  chromatic  dispersion  which  distorts  the  radiation  pattern. 

We  quantitatively  analyzed  a  128  x  320  model  system 
which  uses  a  single  fiber  for  a  transmission  line.  The  main 
noise  sources  for  the  optical  links  are  the  LO-ASE  beat  noise, 
as  well  as  the  laser  phase  noise.  From  the  analysis,  we  see 
that  for  a  typical  radar  signal  and  realistic  optical  system 
parameters,  such  a  system  can  obtain  a  high  SIR  (good  channel 
isolation),  a  high  SNR  and  dynamic  range  for  AM,  FM  and 
PM  schemes  which  meet  the  stringent  requirements  of  modem 
radar  systems. 

Appendix  A 

Coherent  Receiver  Array  Operation 

A  coherent  receiver  detects  the  beat  between  the  incident 
optical  signal  and  the  LO  signal.  For  the  simple  case  of 
amplitude  modulation,  the  normalized  beat  signal  is 

i{t)  =  (1  +  mx{t))sm{uJiFt  +  <l>) 

where  tti  is  the  modulation  index,  x{t)  is  the  modulating 
signal,  (f)  is  the  phase  difference  between  the  incoming  signal 
and  the  LO,  and  a;iF  is  the  frequency  difference  between 
the  optical  carrier  and  the  LO  signal,  i.e.  the  intermediate 
frequency  (IF).  Assume  that  one  optical  receiver  is  used 
to  detect  signals  from  two  antenna  elements  simultaneously. 
The  transmitter  lasers  associated  with  the  antenna  elements 
therefore  have  to  be  tuned  to  the  same  frequency,  so  that  both 
the  detected  signals  have  the  same  intermediate  frequency.. 
Under  this  condition,  and  for  an  ideal  situation  where  the 
beat  between  the  two  incident  signals  and  all  other  noise  are 
neglected,  the  IF  signal  is 

i[t)  =  (1  +  mx{t))sin{uiFt  +  </>i) 

-1-  (1  -1-  Tnx{t))sm{oJiFt  4-  4>2) 

If  -  <1)2  ±  nvr,  where  n  is  an  even  integer,  then  the 
demodulated  signal  would  be  2mx(f),  which  is  desirable. 
But  if  01  =  02  927r,  where  n  is  an  odd  integer,  the 


demodulated  signal  would  be  zero.  Thus,  to  get  the  desired 
signal,  both  0i  and  02  have  to  be  controlled  very  precisely. 
First,  it  requires  an  optical  phase-locked-loop  to  control  the 
relative  phases  of  the  two  lasers.  Second,  the  optical  paths 
from  the  two  transmitter  lasers  to  the  same  receiver  has  to 
be  controlled  to  sub-micrometer  precision  so  that  the  optical 
phase  difference  between  the  two  incoming  optical  signals 
is  approximately  2n7r,  where  n  is  an  integer.  The  system  is 
further  complicated  since  for  some  detecting  directions,  some 
lasers  must  be  phase  locked,  and  for  other  directions,  different 
lasers  need  phase-locking.  Meeting  all  of  these  requirements, 
where  one  coherent  optical  receiver  receives  signals  from 
several  antenna  elements  simultaneouly,  is  very  difficult  to 
achieve  using  present  techniques.  Therefore,  in  the  coherent 
system  proposed,  for  each  beam  direction,  one  receiver  is 
used  to  receive  and  demodulate  the  signal  from  each  antenna 
element. 

Appendix  B 

Number  of  Delay  Lines  Needed 
IN  THE  Antenna  in  Fig.  3(a) 

We  now  investigate  how  many  delay  lines  are  needed  for 
the  antenna  receiver  shown  in  Fig.  3(a).  For  any  receiving 
direction,  the  delays  for  the  antenna  elements  1  to  M  must  in¬ 
crease  or  decrease  monotonically  and  as  uniformly  as  possible, 
although  there  may  be  digitalization  errors.  The  system  has  N 
different  digital  delays  corresponding  0,  At,  2At, . . . ,  {N-  1) 
At.  We  define  DEi  as  the  delay  for  antenna  element  i,  where 
i  =  1,  2,  . . .  M.  The  system  can  detect  {2N-\)  directions 
which  correspond  to  DEi  —  DEm  ^  ('^'^) 

At,.,.,0,  Af,...,(iV-l)  At. 

Detecting  signals  from  broadside  requires  DEi  -  DEm  — 
0  .  In  this  case,  the  system  needs  M  identical  delays  of 
OAt.  For  DEi  -  DEm  ==  half  of  the  antenna  elements 
need  to  be  fed  delays  OAt,  and  the  other  half  need  At. 
For  these  three  directions,  the  system  therefore  requires  M 
delays  OAt  and  [M/2]  delays  At,  where  [M/2]  is  the  least 
integer  that  is  not  less  than  M/2.  For  the  same  reason, 
for  DEi  -  DEm  =  ±(k-l)At,  the  system  needs  [M/k] 
delays  (k-l)At.  For  M  =  the  total  number  of  delay  lines 
the  system  needs  is  M-|-[M/2]4-[M/3]-l  [M/k]-!  hi, 

which  equals,  approximately,  M  In  M  for  large  M.  For  N  > 
M,  when  |DEi  -  DEmI  <  MAt,  it  is  the  same  situation 
as  the  AT  =  M.  When  |DEi  -  DEm  I  >  MAt,  there  are  no 
identical  delays  needed  for  the  same  direction.  In  this  case,  the 
system  only  needs  one  delay  line  for  each  delay  from  MAt 
to  (AT-l)  At.  Therefore,  the  total  number  of  delay  lines  is 
AT-M-hMlnM. 

Appendix  C 

Number  of  Delay  Lines  Needed 
IN  the  Antenna  in  Fig.  3(b) 

The  definitions  for  M,  N  and  requirements  for  the  delay 
feed  are  the  same  as  in  Appendix  B.  We  define  the  delays 
associated  with  antenna  elements  in  Fig.  3(b)  as  predelays  , 
and  the  delays  associated  with  each  receiver  as  “postdelays”. 
If  one  receiver  receives  a  signal  from  one  antenna  element. 
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elements:  1  2  •••  [^/2]  [M/2]  + 1  •••  M 

predelays:  0  j  +  1  •••  ([M/2]  -  l)(j  +  1)  [(M  -  l)/2](j  +  1)  +  1  1. 

(unit:  At) 


the  effective  delay  is  the  sum  of  the  corresponding  pre-  and 
postdelays.  An  array  receiver  structure  requires  that  for  a 
given  predelay  arrangement  for  antenna  elements  1  to  M,  and 
for  any  desired  signal  receiving  direction,  there  always  exist 
M  receivers  to  receive  signals  from  their  respective  antenna 
elements  so  that  the  effective  delays  meet  the  requirements 
for  that  particular  direction. 

Assume  a  receiver  structure  as  the  following:  let  N  =  jM, 
where  j  is  a  positive  integer.  The  predelays  for  antenna 
elements  from  1  to  M  are  shown  in  the  matrix  at  the  top  of 
the  page.  From  antenna  element  1  to  [M/2],  and  from  [M/2] 
+  1  to  M,  the  predelays  increase  and  decrease,  respectively, 
with  spacing  (j+  1)  At.  Let  [Y]  be  the  least  integer  that  is 
not  less  than  Y,  The  available  postdelay s(in  units  of  At)  are 

-  {j+  IX  -j.  ...  -2,  -1,  0,  0,  1,  1,  . . .,  ([M/2]  -  1)  (j'+l), 
([M/2]  -  1)  0'+  IX  ([M/2]  -  1)  (j+  1)  +  1,  ([M/2]  ^  1) 
(i+1)  +  2,  (...),  (2i4-  1)  [M/2]  -  (j+  2),  (2i+  1)  [M/2] 

-  C?+  1).  The  total  number  of  delays  X  is  (3j-i-  2)  [M/2] 

-  (i+1).  For  M  even,  X  —  (1.5/+  1)  M-  (/+  1)<  (1.5  + 
l/j)  N;  and  for  M  odd,  X  =  (1.5/+!)  M+  0.5/.  So  X  is 
approximately  equal  to  (1.5  +  1//)  N  for  either  case.  For  each 
receiving  direction,  the  effective  delay  for  the  element  [M/2] 
is  kept  as  the  constant  ([M/2]  -  1)  (/+1).  Now  we  prove  that 
the  above  structure  can  perform  all  the  required  detections. 

1)  We  call  element  1  to  [M/2]  as  the  first  half,  and  [M/2] 
+  1  to  M  as  the  second  half  of  the  array.  The  delays 
for  antenna  elements  1  to  M  either  increase  or  decrease 
monotonically,  and  element  [M/2]  is  the  mid-point  with 
the  constant  delay  ([M/2]  -  1)0+1)  Thus  for  each 
antenna  direction,  effective  delays  exceeding  ([M/2]  - 
1)0+  1)  A^  can  only  be  used  for  the  first  or  second  half 
of  the  array.  The  largest  postdelay  needed  is  then  [M/2] 
/A/+  ([M/2]  -1)  0+1)  which  corresponds  to  the 
farthest  angle  away  from  broadside  direction,  where  the 
delay  difference  between  adjacent  elements  is  jAt. 

2)  Now  we  prove  that  from  element  1  to  [M/2],  for 
every  receiving  direction,  the  required  postdelays  are 
different,  and  the  shortest  required  postdelay  is  zero. 
We  know  the  required  effective  delays  for  element  1 
to  M  either  increase  or  decrease  monotonically  and  as 
uniformly  as  possible.  With  N  =  jM,  the  largest  delay 
difference  required  between  adjacent  antenna  elements 
is  /At.  Here,  the  predelays  for  elements  1  to  [M/2] 
increase  with  equal  difference  (/+  1)  At,  which  is 
greater  than  the  largest  difference  required.  For  any 
receiving  direction,  whether  the  required  effective  delays 
increase  or  decrease  monotonically,  the  postdelays  fed 
to  elements  1  to  [M/2]  must  decrease  monotonically, 
with  the  delay  difference  between  adjacent  elements  at 
least  At.  Thus,  for  each  direction,  no  two  postdelays  for 
elements  1  to  [M/2]  are  the  same.  Since  the  postdelays 


for  element  [M/2]  are  always  kept  at  zero,  the  shortest 
postdelay  required  here  is  zero. 

For  the  same  reason,  the  postdelays  fed  to  elements 
[M/2]  +  1  to  M  must  increase  monotonically,  and 
among  them  no  two  can  be  the  same  for  each  direction. 
The  shortest  delay  needed  is  for  the  element  [M/2]  +1, 
when  its  effective  delay  is  /At  shorter  than  that  for 
the  element  [M/2].  This  delay  is  -(/  +  l)At  for  M 
is  even,  and  0  for  M  is  odd.  (  The  negative  delay  here 
is  shorter  than  the  length  of  the  fiber  which  we  define  as 
zero  delay,  and  does  not  actually  correspond  to  negative 
length.) 

3)  From  ±e  conclusion  of  (1)  and  (2),  we  know  that  all  the 
postdelays(in  units  of  At)  needed  are 

I)  from  -(j  +  1)  to  -1,  one  for  each; 

II)  from  ([M/2]  -  1)  (/+  1)  to  [M/2]  /At+  ([M/2] 
-  1)  (/+1)  Xt,  one  for  each; 

ni)  from  0  to  ([M/2]  -  1)  0+  1)  *"  at  most  two 
for  each. 

Thus,  the  total  number  of  postdelays,  i.e.  the 
total  number  of  optical  receivers  needed  is  (3/+ 
2)  [M/2]  (/+  1),  which  is  approximately  equal 
to  (1.5  +  l/j)  N, 

For  /  not  an  integer,  we  could  make  the  arrangement 
for  the  predelays  almost  the  same  as  the  above  while 
the  difference  between  the  adjacent  antenna  elements  is 
([/]  +  1)  At.  Then  due  to  the  same  reasoning,  the  total 
number  of  delay  lines  needed  is  af^roximately  (3[/]  + 
2)  [M/2]. 
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True  Time-Delay  Phased- Array  Antenna  Feed 
System  Based  on  Optical  Heterodyne  Techniques 

Ligeng  Xu,  Robert  Taylor,  and  Stephen  R.  Forrest,  Fellow,  IEEE 


Abstractive  demonstrate  a  tnie-time  delay  phased-array 
antenna  feed  system  based  on  multi-channel  optical  heterodyne 
detection  techniques.  The  system  is  relatively  insensitive  to  laser 
linewidth  and  IF  frequency  instabilities.  We  demonstrate  accurate 
true-time  delay  from  0.8  to  1.5  GHz.  The  dynamic  range  for 
one  channel  is  52  dB  for  1  MHz  bandwidth.  For  a  very  narrow 
channel  spacing  of  13  GHz  1  A  at  a  transmission  wavelength 
of  1.55  Aim),  the  interchannel  interference  is  negligible.  Such  an 
architecture  has  potential  for  large  scale  system  implementations. 


CURRENTLY,  there  is  much  interest  in  exploring  the  use 
of  optics  for  controlling  microwave  phased  array  anten¬ 
nas  [.l]-[6].  This  effort  is  driven  by  the  obvious  advantages 
of  optical  systems:  reduced  weight  making  it  suitable  for  use 
in  airborne  and  spacebome  systems,  immunity  from  electro¬ 
magnetic  interference,  low  loss,  etc.  Among  the  proposed 
architectures,  fiber  optic  true-time  delay  systems  [3]— [6]  can 
also  provide  a  very  large  instantaneous  bandwidth. 

Recently,  we  analyzed  a  true-time  delay  system  based  on 
multi-channel,  optical  heterodyne  detection  techniques  with 
external  modulation,  and  showed  that  such  a  system  is  readily 
expandable  to  large  scale  systems  with  high  dynamic  range 
and  good  channel  isolation  while  keeping  the  optical  channel 
spacing  very  small  [7].  In  this  paper,  we  demonstrate  a 
proof-of-concept  experiment  of  this  system  using  four  optical 
channels  and  two  coherent  receivers.  The  system  shows  good 
signal  quality,  high  dynamic  range,  accurate  true-time  delay 
in  the  microwave  bandwidth  range  from  0.8  to  1.5  GHz,  and 
narrow  optical  channel  spacing  with  very  low  interchannel 
interference.  Direct  as  well  as  external  modulation  schemes 
exhibit  good  signal  quality  for  narrow  bandwidth  signals. 

Fig.  1  shows  a  simple  four  optical  channel,  two  antenna 
element  demonstration  system.  The  four  A  =  1.55  /im  wave¬ 
length  DFB  laser  transmitters  (see  Fig.  1)  are  each  ther¬ 
mally  tuned  to  have  a  different  central  optical  frequency.  The 
light  from  the  four  transmitter  lasers  is  amplitude  modulated 
(AM)  at  microwave  band  widths  using  LiNbOa  Mach— Zehnder 
(M-Z)  modulators.  The  modulated  optical  signals  are  then 
transmitted  through  different  fiber  lengths  prior  to  being  input 
to  a  4  X  1  combiner  composed  of  a  series  of  2  x  1  combiners. 
The  signals  then  pass  through  a  single  transmission  fiber  before 
being  routed  to  two  optical  receivers  through  a  series  of 
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Fig.  1.  Demonstration  of  true-time  delay  phased  array  antenna  feed  system 
with  four  optical  channels  and  two  coherent  receivers.  Inset:  Schematic 
diagram  of  the  optical  heterodyne  AM  receiver. 


splitters.  Next,  these  signals  are  separately  mixed  with  two 
optical  local  oscillator  (LO)  signals  at  the  input  of  InGaAs 
p-i-n  detectors  with  70%  quantum  efficiency  at  A  =  1.55  fim. 
By  tuning  the  LO  DFB  lasers,  each  receiver  is  able  to 
detect  and  demodulate  the  microwave  signal  from  any  of  the 
four  transmitter  laser  channels.  The  laser  frequencies  were 
adjusted  by  independent  current  and  temperature  controllers 
with  a  temperature  stability  of  ±0.02  °C.  As  shown  in  the 
following,  even  with  this  open-loop  control,  we  still  obtain 
very  stable  signals  and  accurate  true-time  delays.  Since  the 
modulated  signals  arrive  at  the  receivers  through  different 
fiber  lengths,  true-time  delays  are  introduced  among  the  four 
channels.  Additional  optical  channels  can  provide  more  delay 
combinations,  while  more  splitting  before  the  optical  receivers 
can  be  used  to  accommodate  additional  antenna  elements. 

The  demodulation  scheme  used  [8]  is  a  wideband  filter- 
rectifier-narrow  band  filter  structure  (WIRNA,  shown  in  Fig. 
1  inset),  which  employs  a  square-law  device  (SLD)  to  demod¬ 
ulate  the  AM  signal.  This  receiver  architecture  is  relatively 
insensitive  to  laser  linewidth,  and  the  dynamic  range  is  com¬ 
parable  to  that  of  optical  direct  detection  schemes  [7],  [8]. 
In  our  experiment,  the  intermediate  frequency  (IF)  passband 
is  from  2  to  8  GHz,  and  the  narrow  band  amplifier  operates 
from  0.8  to  1.5  GHz.  The  SLD  used  was  either  a  frequency 
doubler  or  a  FET  mixer.  For  optically  coherent  detection, 
the  light  polarization  needs  to  be  controlled.  One  solution 
is  to  use  polarization  maintaining  (PM)  fibers  and  PM  fiber 
couplers  throughout  the  system.  In  our  experiment,  however, 
single  mode  non-PM  fibers  and  couplers  were  used  along  with 
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Signal  Frequency  (GHz) 

Fig.  2.  Optical  heterodyne  signals  at  0.8,  1.0,  and  1.5  GHz. 

manual  polarization  rotators.  These  components  did  not  appear 
to  significantly  degrade  the  system  performance  or  stability. 

Fig.  2  shows  the  demodulated  signals  of  one  channel  with 
an  IF  of  4.1  GHz  when  the  externally  modulating  signal  is 
varied  between  0.8,  1  and  1.5  GHz.  Here,  the  optical  signal 
power  is  -15.8  dBm,  and  the  LO  power  is  -2.7  dBm  at 
the  receiver.  With  the  modulation  index  set  at  0.24  for  the  8 
dBm  microwave  signal,  and  the  receiver  noise  corresponding 
to  an  optical  power  of  50  pW/Hz^/^,  the  signal-to-noise  ratio 
(SNR)  is  about  48  dB  for  a  1  MHz  bandwidth.  This  SNR 
is  independent  of  frequency  from  0.8  to  1.5  GHz,  as  seen 
in  Fig.  2.  Calculations  based  on  a  previous  system  analysis 
[7]  give  SNR  =  50  dB  using  the  measured  parameters  at 
the  optical  receiver,  which  is  in  reasonable  agreement  with 
the  experimental  results.  The  demodulated  RF  signals  have 
linewidths  of  <  2  MHz,  limited  by  the  resolution  bandwidth 
of  the  spectrum  analyzer.  On  the  other  hand,  the  IF  signal 
linewidth  is  tens  of  MHz.  This  clearly  indicates  that  the 
system  is  indeed  laser-linewidth  insensitive,  consistent  with 
previous  analytical  and  experimental  results  [7],  [8].  For  shot 
noise  limited  receivers,  the  SNR  should  be  71.2  dB/MHz  with 
the  above  optical  powers  and  modulation  index — a  20  dB 
improvement  over  our  results.  The  total  optical  signal  loss 
of  the  system  is  about  20  dB,  with  12  dB  loss  from  the  3  dB 
couplers,  and  8  dB  from  the  M— Z  modulators.  Other  connector 
losses  are  negligible.  In  this  experiment,  the  optical  power  loss 
and  the  high  receiver  noise  are  primarily  responsible  for  the 
SNR  degradation. 

The  dynamic  range  (DR)  of  the  antenna  feed  is  limited  by 
system  noise  and  third  order  intermodulation  products  from 
the  M-Z  modulators,  provided  the  optical  signal  power  and 
LO  power  are  fixed.  The  two-tone  signal  method  [8]  was 
employed  to  measure  the  dynamic  range  of  one  channel  with 
the  same  optical  parameters  as  in  Fig.  2.  In  this  case,  the 
DR  is  52.3  dB  for  a  signal  modulated  from  0.8  to  1.5  GHz 
with  a  1  MHz  bandwidth.  Theoretical  calculations  [7]  show 
DR  =  54  dB  with  the  above  system  parameters,  and  68  dB 
under  shot  noise  limited  situations.  The  experimental  dynamic 
range  can  be  further  improved  by  increasing  the  optical  signal 
and  LO  power  along  with  the  use  of  shot  noise  limited, 
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Fig.  3.  True-time  delay  measurement  showing  four  different  time  delays. 
Solid  lines  are  calculations,  and  dots  are  experimental  data.  Inset:  Phase 
fluctuation  for  a  1  GHz  modulation  as  a  function  of  time.  Here,  a  phase 
fluctuation  of  ±1°  is  observed. 

balanced  optical  receivers.  Also,  highly  linear  modulators  or 
direct  laser  modulation  can  be  employed  to  avoid  third  order 
intermodulation  products. 

To  test  the  true-time  delay  performance  of  the  system,  the 
microwave  output  of  an  HP  8703A  network  analyzer  was 
connected  to  the  microwave  input  shown  in  Fig.  1.  One  of 
the  demodulated  microwave  outputs  from  the  antenna  feed 
(Fig.  1)  was  then  connected  to  the  input  of  the  network 
analyzer.  First,  the  phase  response  of  microwave  signal  output 
from  different  optical  channels  and/or  different  receivers  was 
measured.  Next,  the  phase  difference  between  two  channels 
was  compared  to  the  theoretical  values.  Fig.  3  shows  example 
measurement  results  using  this  procedure.  The  solid  lines  show 
the  theoretical  phase  delays  for  the  corresponding  true-time 
delays  of  85,  217,  360,  and  555  ps,  and  the  data  points  show 
the  test  results  averaged  over  16  sweeps.  As  shown  in  Fig.  3, 
the  system  introduces  accurate,  frequency  independent  true¬ 
time  delays  between  different  channels,  indicating  that  such  a 
multichannel  optical  heterodyne  system  can  precisely  control 
the  microwave  phase. 

The  inset  in  Fig.  3  shows  the  phase  fluctuation  as  a  function 
of  time  for  1  GHz  CW  operation.  The  phase  fluctuates  to 
within  ±r  due  to  the  nonlinear  phase  response  of  the  GaAs 
IF  amplifiers.  As  the  laser  frequencies  fluctuate,  the  phase 
response  of  the  amplifiers  to  the  IF  frequency  and  the  two  AM 
modulation  side  lobes  changes  due  to  amplifier  non  idealities, 
thereby  introducing  phase  fluctuations  into  the  demodulated 
signal  after  the  SLD.  Note  that  IF  amplifiers  with  improved 
linear  phase  response  can  eliminate  the  small  phase  fluctuation 
of  the  demodulated  signals,  even  in  the  presence  of  instabilities 
in  laser  frequency. 

The  signal-to-interchannel  interference  ratio  (SIR)  deter¬ 
mines  the  minimum  channel  spacing.  Fig.  4  shows  the  mea¬ 
sured  SIR  when  the  four  channels  are  equally  spaced.  The 
signal  power  is  obtained  by  tuning  the  LO  for  channel  2  to  IF 
=  4.1  GHz  (inset.  Fig.  4).  The  channel  interference  was  then 
measured  by  turning  off  the  microwave  modulation  on  optical 
channel  2.  When  the  channel  spacing  is  <  12  GHz,  the  beat 
between  the  LO  and  channel  3  is  less  than  8  GHz  which  is 
within  the  IF  amplification  bandwidth,  causing  interference  at 
the  SLD.  For  a  channel  spacing  >  13  GHz,  however,  the  beat 
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Fig.  4.  Signal-to«interchannel  interference  ratio  as  a  function  of  channel 
spacing  for  two  different  modulation  signals,  and  IF  =  4.1  GHz.  Inset:  The 
optical  spectral  distribution  of  the  different  channels  used  for  the  measurement 
in  Fig.  4. 

signal  between  the  LO  and  channel  3  is  out  of  the  IF  passband, 
resulting  in  a  negligible  interchannel  interference.  Due  to  the 
noise  floor,  we  obtain  an  upper  limit  of  SIR  =  50  dB  with 
most  of  the  interference  power  from  channel  3.  Calculations 
indicate  that  for  modulation  between  0.8  and  1.5  GHz  and  a 
laser  linewidth  as  large  as  20  MHz,  2  to  6  GHz  is  a  sufficiently 
large  passband  for  IF  =  4  GHz.  In  this  case  the  channel  spacing 
can  be  reduced  to  ^11  GHz,  without  introducing  significant 
interchannel  interference  [7].  The  experimental  results  indicate 
that  the  good  passband  characteristics  of  microwave  amplifiers 
and  filters  leads  to  a  high  SIR  even  for  small  channel  spacings 
in  AM  heterodyne  systems.  Theoretical  investigations  [7]  also 
show  that  if  balanced  receivers  are  used,  the  most  signifi¬ 
cant  interchannel  interference  only  comes  from  the  adjacent 
channels  even  for  systems  with  a  large  number  of  channels. 

In  summary,  we  demonstrate  a  proof-of-concept  experiment 
for  a  novel  true-time  delay  phased  array  antenna  feed  system 
from  0.8  to  1.5  GHz  based  on  optical  heterodyne  detection 
techniques.  Such  a  system  is  comparatively  easy  to  imple¬ 


ment  using  off-the-shelf  components.  The  system  has  high 
dynamic  range  (>52  dB),  good  signal-to-noise  ratio  (48  dB), 
and  a  narrow  channel  spacing  (13  GHz)  with  good  channel 
isolation.  The  system  also  demonstrated  the  transmission  of 
very  accurate  true-time  delays.  Practical  issues  such  as  phase 
fluctuations  and  tolerance  to  IF  frequency  variations  were 
addressed.  Means  to  improve  system  performance  such  as 
dynamic  range  and  phase  stability  were  also  proposed.  The 
experimental  results  were  compared  to  our  previous  analysis 
[7],  and  were  in  good  agreement.  This  architecture  provides 
a  promising  approach  for  a  future  generation  of  phased  array 
antenna  systems  based  on  fiber  optic  techniques. 

The  authors  thank  Irwin  Newberg,  Doss  Halsey,  Brian 
Hendrickson,  Allen  Lu,  Thomas  Fong,  and  Professor  Harold 
Fetterman  for  their  helpful  suggestions. 
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Abstract:  Coherent  analog  Amplitude  Modulated  -  Wideband  Rectifier  NArrowband 
(AM-WIRNA)  systems  have  been  the  focus  of  many  recent  studies  because  of  their  high 
performance  and  relative  immunity  to  phase  noise  compared  to  angle  modulated  systems. 
Despite  their  natural  advantages  over  angle  modulated  systems,  AM-WIRNA  receivers 
are  still  vulnerable  to  phase  noise  because  of  distortion  of  their  phase  broadened  signals 
in  a  finite  bandwidth  system.  We  present  the  first  numerical  analysis  of  the  effects  of  this 
distortion  on  the  performance  of  AM-WIRNA  systems.  The  analysis  accurately  models 
the  power  spectral  density  of  the  phase-to-intensity  noise  with  a  root-mean-square 
deviation  from  the  averaged  experimental  noise  spectrum  of  1.2  dB  and  a  maximum 
deviation  of  3.8  dB  in  the  modulation  range  of  <  2  GHz.  The  accuracy  of  the  analysis  is 
limited  primarily  by  non-idealities  in  the  AM-WIRNA  receiver  and  the  accuracy  of  the 
analytical  IF  filter  model.  Optimal  link  designs  are  presented  which  minimize  the  impact 
of  phase-to-distortion  noise  in  AM-WIRNA  systems.  We  present  experimental  data  from 
AM-WIRNA  links  which  use  both  external  cavity  and  distributed  feedback  lasers  for  the 
signal  and  local  oscillator  sources.  The  numerical  analysis  predicts  the  link  signal-to- 
noise  ratio  (SNR)  for  different  signal  laser  powers  to  within  1.4  dB  of  experiment.  We 
find  that  systems  requiring  high  SNR  such  as  phased  array  antennas  and  AM-CATV  are 
significantly  affected  by  this  noise. 
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1  ■  -  Introduction 

Much  recent  work  has  concentrated  on  the  development  of  optically  coherent  high 
frequency  analog  fiber  optic  links  for  use  in  sub-carrier  multiplexed  communications  [1], 
optically  controlled  phased  array  antennas  [2,  3],  and  the  interconnection  of  microwave 
systems  [4].  Conventionally,  these  systems  have  employed  direct  detection  schemes, 
however  recent  links  utilizing  coherent  detection  have  demonstrated  large  dynamic  range 
and  low  noise  figures  [5,  6].  In  addition,  coherent  detection  facilitates  high  channel 
packing  densities  for  wavelength  division  multiplexed  (WDM)  systems,  has  increased 
sensitivity  over  direct  detection  schemes,  and  allows  for  angle  modulation  formats. 

One  of  the  challenges  facing  coherent  links  is  the  degradation  of  performance  in 
the  presence  of  laser  phase  noise,  and  hence  recent  efforts  have  focused  on  amplitude 
modulation  (AM)  due  to  its  relative  immunity  from  such  noise  [7,8].  In  particular 
WIRNA  (Wideband  filter  -  Rectifier  -  NArrowband  filter)  processing  has  been  predicted 
to  achieve  virtually  linewidth-insensitive  performance  with  the  proper  design  of  the  IF 
filter  [8,9].  However,  the  IF  filter  bandwidths  needed  for  minimum  performance 
degradation  are  often  unobtainable  in  practice  due  to  the  high  cost  of  wide  bandwidth 
components.  This  problem  is  exacerbated  for  large  optical  signal  powers  and  for  high 
SNR  links  (such  as  are  required  in  optically  controlled  phased  array  antenna  systems). 

In  this  paper,  we  present  an  analysis  of  the  performance  of  AM- WIRNA  links  in 
the  presence  of  phase  noise  using  numerical  methods  to  estimate  the  power  spectral 
density  (PSD)  of  the  phase-to-intensity  (PTI)  noise.  An  approximate  analysis  of  the 
effects  of  phase  noise  on  AM- WIRNA  system  performance  was  done  previously  in  Ref 
[8].  However,  this  early  approximation  differs  significantly  from  experimental  results  in 
the  several  cases  and  does  not  calculate  the  PSD  of  the  PTI  noise,  which  is  required  to 
address  the  effects  of  PTI  noise  in  narrow-band  links.  In  contrast,  comparison  of  the 
results  of  our  analysis  with  the  experimental  data  presented  here  is  shown  to  accurately 
model  the  effects  of  PTI  noise  on  link  performance.  We  find  that  phase  noise  sets  a 
fundamental  limit  to  the  SNR  in  AM- WIRNA  receivers  that  is  independent  of  signal 
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power.  For  high  power,  high  SNR  systems  such  as  antenna  remoting  and  AM-CATV, 
this  limit  will  dominate  for  laser  linewidths  greater  than  a  few  MHz.  We  present 
optimum  system  design  parameters  to  maximize  the  SNR  for  a  given  laser  linewidth.  To 
the  best  of  our  knowledge  this  is  the  first  detailed  numerical  analysis  of  phase  noise 
effects  in  AM-WIRNA  links.  Experimental  results  from  an  externally  modulated  AM- 
WIRNA  system  are  also  presented. 

This  paper  is  organized  as  follows:  Sections  II  and  III  describes  the  AM-WIRNA 
link,  and  the  statistics  of  the  relevant  random  variables.  In  Sec.  IV,  we  derive  an 
expression  for  link  SNR  in  the  presence  of  PTI  noise,  and  in  Sec.  V  the  expression  for 
PTI  noise  is  derived.  Section  VI  presents  results  from  the  numerical  evaluation  of  our 
theory  using  conditions  maintained  during  laboratory  measurements  of  PTI  noise.  In  Sec. 
VII  we  discuss  the  experimental  AM-WIRNA  link,  and  present  data  on  the  system 
performance  which  is  compared  with  the  analytical  results  of  Sec  VI.  Section  VIII 
provides  conclusions. 


2.  -  System  Description 

The  system  considered  is  an  analog,  externally  modulated  AM  coherent  link  with 
a  WIRNA  receiver  shown  in  Fig.  1.  The  signal  laser  is  modulated  by  a  Mach-Zender  (M- 
Z)  modulator,  and  the  optical  carrier  is  heterodyned  down  to  baseband  with  a  local 
oscillator  (LO)  laser  at  the  receiver  photodetector.  The  signal  demodulation  is 
accomplished  by  the  electrical  portion  of  the  WIRNA  receiver,  which  consists  of  an  IF 
filter  followed  by  a  square  law  device  (SLD)  and  a  narrow  band  filter  (NBF).  The 
WIRNA  receiver  can  employ  either  a  single  photodetector  or  a  pair  of  photodetectors  in  a 
balanced  receiver  configuration.  The  balanced  receiver  has  been  shown  to  significantly 
reduce  the  effects  of  relative  intensity  noise  (RIN)  [10]  at  the  cost  of  some  minor  added 
complexity.  The  experimental  links  presented  in  Sec.  7  use  a  single  detector,  although 
our  calculations  will  consider  both  configurations. 


The  amplitude  modulation  of  the  signal  laser  is  done  in  the  small  signal  linear 

V 

region  of  the  Mach-Zender.  At  a  bias  voltage  of  Vg  =  y  (where  is  the  voltage 
required  for  a  tt  phase  shift),  the  optical  power  transfer  function  of  the  modulator  is  [1 1]: 

=  ^^^^”^"^-(1  +  sin(ffjx(0))  (1) 

Here,  P„  is  the  modulated  optical  output  power,  is  the  input  power, 
excess  loss  beyond  the  3dB  loss  incurred  by  DC  biasing  the  modulator  at  Vg,m  is  the 
optical  modulation  index  and  x(t)  is  the  normalized  RF  modulation  signal.  When  the 
modulation  index  is  small  (m  «  1),  the  AC  optical  power  transfer  function  is  given  by 

/>,  =  (»«(/))  p) 

At  the  small  signal  bias  point,  the  amplitude  of  the  modulated  signal  laser  at  the 
receiver  is: 


+  4 (O) |cOs(^y,/  +  +  /nr(0)  +  COS^^U,/  +  0s(O  +  f]}  0) 

where  is  the  power  of  the  transmitter  laser,  is  the  signal  laser  center  frequency, 
0^(0  is  its  instantaneous  phase,  m  is  the  modulation  index,  of  all  losses 

associated  with  the  fiber,  ^^(t)  is  the  RIN  noise,  and  s  is  the  polarization  unit  vector. 
Similarly,  the  amplitude  of  the  local  oscillator  laser  is 


where  is  the  optical  power  of  the  LO  laser  at  the  receiver,  coiqIS  the  center 
frequency  of  the  local  oscillator,  ^LO  (t)  is  the  LO  RIN  noise,  0[^Q{t)is  the  instantaneous 

A 

phase  and  /  is  the  polarization  unit  vector. 

For  maximum  detection  efficiency,  the  polarization  of  the  signal  and  the  LO  laser 

fields  should  be  parallel  (corresponding  to  I  •s  =  \).  Assuming  this  is  the  case  and 
neglecting  DC  terms,  the  photocurrent  can  be  expressed  in  complex  form  as: 


■Photo 


(t)  =  ^|cOs(fi>;/rt  +  0{t)  +  +  COS 


;r 


a>jft  +  0{t )  +  —  f  +  «(0 


(5) 


where  co,p  =  co^  -cOi^o  is  the  IF  frequency,  0(t)  =  0s(t)  -  0^j(t),  and  the  values  of 
the  amplitude.  A,  and  the  additive  noise  current,  n(t),  depend  on  whether  a  single  or 
balanced  detector  configuration  is  used.  We  define  the  amplitude  for  a  balanced  receiver 
as: 


■^balanced  ‘^pCCfiberCCexcessPwPsi^  +  4(0)(l  +  4o(0)  (6) 

where  91  is  the  detector  responsivity.  The  single  detector  amplitude,  ,  is  half 

Aatanced  ^ince  thc  singlc  photodetector  allows  only  half  of  the  optical  power  to  be  used. 
The  additive  noise  current,  n(t),  consists  of  all  the  noise  currents  generated  at  the  receiver. 
The  expressions  for  the  additive  noise  for  both  a  balanced  receiver  and  single  detector 
configuration  are  given  in  Sec.  3.  Now,  assuming  m  «  1,  Eq.  (  5)  can  be  written  as: 

hhoto (0  «  A\co^o),pt  +  0{t))  -  (l  +  wx(0)  sin(<y;/r/  +  <^(0)}  +  «(0  (7) 

Demodulation  of  the  signal  can  be  accomplished  using  the  SLD  which  squares  the 
current  in  Eq.  (7).  Disregarding  the  additive  noise  for  the  moment,  the  envelope  of  the 
squared  photocurrent  is  then  given  as: 
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(8) 


m 

isLD-..relope  =  VsLD^  +  ^(0  +  “ 

where  mx(t)  is  the  recovered  signal,  and  is  the  SLD  conversion  amplitude. 

As  can  be  seen  from  Eq.  (5),  the  photocurrent  has  two  random  process 
contributions:  the  phase  noise,  0{t) ,  and  the  additive  noise  current,  n(t).  The  phase 
noise  does  not  affect  the  recovered  signal  in  Eq.  (8)  because  the  squaring  process  discards 
the  phase  information  of  the  carrier.  This  results  in  relative  phase  noise  immunity  for 
AM  systems  in  comparison  to  angle  modulated  systems.  However,  in  a  real  system  with 
finite  bandwidth,  the  spectral  broadening  of  the  photocurrent  spectrum  by  the  phase  noise 
leads  to  signal  distortion  at  .the  receiver.  This  distortion  can  significantly  affect  the 
demodulated  signal  even  in  AM-WIRNA  links.  In  the  next  section,  we  consider  the 
statistics  of  the  phase  and  additive  noise  sources. 

3.  -  Statistics  of  Random  Processes 

The  random  variable  0{t)  is  the  difference  between  the  instantaneous  phases  of 
the  signal  and  LO  lasers.  The  accumulated  phase  over  a  time  period,  r ,  is  given  by 

=  0(t  +  r)  -  0(t)  (9) 

It  can  be  shown  that  0j.(t)  can  be  accurately  modeled  as  a  Gaussian,  zero  mean,  process 
whose  variance  is  given  as  [12] 

=  27r  Aur  (10) 

where  Au  =  Aviq  +  AOs  is  the  combined  LO  and  signal  laser  linewidths.  These 
statistics  for  0^(t)  are  valid  assuming  a  Lorentzian  line  shape,  where  the  power  spectral 

density  of  the  instantaneous  laser  frequencies,  and  0s  (0,  are  white.  This 
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assumption  has  been  experimentally  verified  for  the  frequency  range  of  1  MHz  up  to  the 
relaxation  resonance  of  the  laser,  which  is  typically  a  few  gigahertz  [13].  Strictly 
speaking,  the  effects  of  the  relaxation  resonance  on  the  phase-to-intensity  noise  should  be 
considered.  We  will  simplify  the  analysis,  however,  by  considering  the  laser  line  shape 
to  be  a  perfect  Lorentzian. 

The  additive  noise,  n(t),  consists  of  shot  noise,  thermal  noise,  and  RJN  noise  in 
the  single  photodetector  receiver.  If  a  balanced  receiver  is  used,  the  RIN  noise  term  in 
the  additive  noise  is  significantly  reduced  such  that  it  can  usually  be  neglected.  The 
additive  noise  is  assumed  to  be  a  white,  Gaussian,  zero  mean  process  with  a  one  sided 
PSD  of: 


S,Xf)  =  VaM  for  0  <  /  <  00  (1 1) 

where  the  expressions  for  for  the  single  and  balanced  detector  configurations  are 
[14]: 
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(12a) 


7add-balanced  “  2e9i(Py  +  ^  (12b) 

Rl 

where  kg  is  Boltzmann’s  constant,  T  is  the  absolute  temperature,  is  the  load 
resistance  of  the  receiver,  and  RIN  is  in  units  of  Hz-  For  signal  bandwidths  less  than  the 
laser  resonance  frequency,  Eq.  (12)  is  accurate,  however  for  higher  signal  bandwidths, 
the  RIN  noise  spectrum  assumes  a  more  complicated  form.  Here,  we  will  assume  the 
signal  spectrum  is  contained  below  the  laser  resonance  frequency. 


4.  -  Signal  to  Noise  Ratio 

The  current  of  Eq.  (7),  can  be  written  as  the  sum  of  a  signal,  s(t),  and  a 

noise  term,  viz:  =  s(t)  +  n(t).  A  typical  //v„„„(0  spectrum  for  a  coherent  system 
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with  3.  distributed  feedback  (DFB)  laser  as  the  signal  source  and  a  1  GHz  sinusoidal 
modulation  is  shown  in  Fig.  2a.  An  external  cavity  (EC)  laser  was  used  as  the  LO.  Note 
that  the  spectral  width  of  both  the  modulation  sidebands  as  well  as  the  carrier  signal  is 
approximately  40  MHz,  corresponding  to  the  combined  linewidth  of  the  DFB  laser  and 
the  EC  laser  (i.e.  Av=40  MHz  for  this  link).  In  comparison,  Fig.  2b  is  the  spectrum  of 
the  photocurrent  for  a  coherent  system  with  external  cavity  (EC)  lasers  for  both  the  LO 
and  signal  sources.  The  combined  linewidth  for  the  external  cavity  lasers  is  very  narrow 
(Av<  100  kHz)  resulting  in  a  very  narrow  photocurrent  spectrum.  The  difference 
between  the  two  spectra  illustrates  the  spectral  broadening  effects  of  phase  noise. 

The  signal  after  the  IF  filter,  v(t),  is  given  by  the  convolution  of  (0  and  the 
impulse  response  of  the  IF  filter,  ,  thus: 

v(0  =  5(r)  *  hg_,^  (0  +  nit)  *  it)  =  s,  it)  +  n„  it)  (13) 

For  phase-noise  broadened  signals,  s^it)  is  a  distorted  version  of  s(t)  as  seen  in  Fig.  3a, 
which  shows  the  IF  filtered  spectrum  of  the  Av  =  40  MHz  link  photocurrent  spectrum  in 
Fig.  2a.  The  spectral  broadening  of  the  phase-noise  causes  the  “tails”  of  the  photocurrent 
spectrum  to  be  cut  off  by  the  IF  filter.  In  contrast,  the  distortion  by  the  IF  filter  of  the 
Av  <  100  kHz  photocurrent  spectrum  in  Fig.  2b  is  negligible,  as  shown  in  Fig.  3b.  As 
will  be  seen,  the  distortion  of  phase  broadened  signals  by  the  IF  filter  is  the  source  of  the 
phase-to-intensity  noise. 

The  signal  after  the  SLD  is  given  by: 

w(/)  =  |v(/)f  (14) 

The  autocorrelation  function  of  w(t)  for  stationary,  zero-mean,  and  independent  signal 
and  noise  is  [15]: 


E-ll 


=  E[w{t)w{t  +  z-)]  =  (Z-)  +  {t)Rn^  (r)  +  (0  (15) 


where  E[ ]  denotes  the  expectation  value,  R^^  (t)  and  (r)are  the  filtered  signal  and 
noise  autocorrelations,  <Tg^  and  are  the  filtered  signal  and  noise  variances,  and 


i!,,(r)=£[4(l>i(r  +  r)] 

(16a) 

(16b) 

The  first  term  on  the  right  in  Eq.  (15)  contains  the  useful  signal,  while  the  next  two  terms 
are,  respectively,  the  beat  between  the  signal  and  noise,  and  the  beat  of  the  noise  with 
itself. 

The  term  R^i{t)  contains  both  the  signal  and  the  phase-to-intensity  distortion. 
This  term  can  be  rewritten  as  the  sum  of  the  autocorrelation  function  of  the  squared  signal 
undistorted  by  the  IF  filter,  R^^ ,  and  another  term  due  to  the  phase-to-intensity  noise 
(denoted  as  R^{t)).  Now, 

(r)  =  £[5'(05'(^  +  r)]  +  R^{t)  =  R^,(r)  R^(t)  (17) 

The  output  of  the  SLD  is  filtered  by  the  NBF  to  improve  the  signal  quality.  The  filtered 
signal  is  given  as  the  convolution  of  w(t)  with  the  NBF  impulse  response,  h^_f.gp{t), 
such  that: 

z(0  =  w(0*Vm.(0  (18) 

A  typical  spectrum  of  the  demodulated  signal  after  the  NBF  is  shown  in  Fig.  4  for 
Av  =  40  MHz .  Note  that  the  spectral  broadening  seen  in  the  sidebands  of  the  IF  signal  is 
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eliminated  in  the  demodulated  signal  after  the  SLD.  Despite  the  suppression  of  the 
spectral  broadening,  the  noise  floor  of  the  output  signal  still  contains  a  contribution  from 
the  PTI  noise  due  to  the  IF  filter  distortion. 

The  autocorrelation  function  of  z(t)  is: 

R2{r)  =  (1^) 

The  output  power  can  be  obtained  by  evaluating  Rzir)  at  r  =  0.  The  resulting 
expression  has  four  contributions  to  the  total  output  power: 

Rz-oul  ~  Rsig  Rphase  Rs-N  Beal  "*■ 

where  the  first  term  ( is  due  to  the  demodulated  signal,  while  the  next  three  terms  are 
the  phase-to-intensity  noise  the  signal-noise  beat  {Ps-NBea,X  and  the  noise- 

squared  power  (  ). 

In  the  absence  of  phase  noise,  R^{t)  =  0.  In  this  case,  the  SNR  is  the  ratio  of  the 
signal  power  to  the  signal-noise  beat  and  noise-squared  powers.  For  the  typical  case  of  m 
«  1  the  SNR  (after  the  NBF)  is  given  by: 


A^m^x\t) 


SNR 


Idea! 


VckuRnHF  '^^aJjRNBr^Rir  fo) 


(21) 


where  /g  is  the  center  frequency  of  the  NBF,  Bfjg,,  is  the  bandwidth  of  the  narrow  band 

filter,  5,/,  is  the  bandwidth  of  the  IF  filter,  and  3c  ^(r)  is  the  time  average  of  the 
normalized  RF  signal  power.  The  first  term  in  the  denominator  of  Eq.  (21)  is  the  signal- 
noise  beat  power,  and  the  second  is  the  noise-squared  power. 
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In  the  presence  of  phase  noise,  the  distortion  of  the  signal  at  the  IF  filter 
introduces  a  new  noise  term  (phase-to-intensity  noise)  to  the  denominator  of  Eq.  (21) 

which  is  proportional  to  ,  viz.: 


SNR  « 


^  J  ^  Phase  (d))  dCO  +  +  ^Vadd^NBF{PlF  /o) 


(22) 


NBF 


where  the  phase-to-intensity  noise  power  has  been  expressed  in  terms  of  a  normalized 

CO 

one-sided  PSD  {Kphaseio)))  such  that  oc  {1]^,)=  A* dco  ,  where  (/^„> 

0 

is  the  mean  squared  PTI  noise  current.  Kph^^^ico)  will  be  useful  in  Sec.  6  to  generalize 

the  numerical  results.  Since  both  the  signal  and  the  PTI  noise  are  proportional  to  ,  the 
phase-to-intensity  noise  sets  a  fundamental  limit  to  the  SNR  which  is  independent  of  the 
received  optical  signal  power.  As  will  be  shown  in  Sec.  6,  high  SNR  systems  that  uses 
lasers  with  linewidths  in  the  MHz  range  are  performance-limited  by  the  PTI  noise. 

5.  -  Phase-to-Intensitv  Noise  Spectrum 

To  predict  the  performance  of  links  with  arbitrary  modulation  signals,  it  is 
necessary  to  obtain  the  PSD  of  the  PTI  noise.  The  contribution  of  the  PTI  noise,  /^^(r) , 
is  the  difference  between  the  autocorrelation  function  of  the  ideal  signal  and  that  of  the 
filtered  signal.  That  is: 


R^{r)  =  Rs^{T)-Rs.{r)  (23) 

The  spectrum  of  the  PTI  noise  is  the  Fourier  transform  of  R^ij) . 

It  is  not  possible  to  find  a  closed  form  expression  for/?j2(r)  (and  thusi?^(r)) 

because  of  the  presence  of  a  random  variable  in  the  phase  of  the  signal,  s(t).  Convolution 
with  the  IF  filter  results  in  integrals  of  the  type  which  are  difficult  to 


E-14 


evaluate.  Hence,  it  is  necessary  to  directly  evaluate  the  autocorrelation  function  (r) 
as  the  expectation  value  of  a  quadruple  integral.  Using  the  relation  [16]: 


(24) 


for  a  Gaussian  random  variable  <?(Oand  its  variance  cr',  the  integral  can  be  cast  in  a 
tractable  form.  The  resulting  expression  for  (t)  is  given  in  Appendix  A,  Eq.  (A4). 

Reference  [8]  approximates  the  phase-to-intensity  noise  power  as  the  power  of  the 
modulated  portion  of  the  IF  signal  which  is  cut  off  by  the  IF  filter.  In  this  work,  we 
estimate  the  phase-to-intensity  noise  power  by  numerical  evaluation  of  Eq.  (A4).  We  will 
show  in  Sec.  7  that  this  method  reveals  different  dependencies  for  the  PTI  noise  than 
those  found  in  Ref.  [8]. 


6  “  Numerical  Evaluation 

The  most  critical  parameter  in  the  evaluation  of  (r)  is  the  choice  of  the  IF 

filter  function.  For  comparison  with  experimental  results,  the  IF  filter  model  must 
accurately  approximate  the  experiment  while  maintaining  a  reasonably  short  computation 
time.  Hamming  filters  were  found  to  have  the  best  balance  of  these  qualities  [17].  Figure 
5  is  a  comparison  between  the  Hamming  filter  function  and  the  effective  IF  filter  used  in 
the  experimental  link.  The  effective  IF  filter  passband  is  the  combination  of  the  IF 
amplifier  and  the  SLD  passbands.  As  can  be  seen,  the  Hamming  filter  is  slightly  more 
rounded  than  the  experimental  IF  filter,  and  has  sidebands  35  dB  below  the  main  lobe. 
Despite  these  differences,  the  estimates  of  the  PTI  noise  using  the  Hamming  filter  are  in 
good  agreement  with  the  experimental  results  given  in  Sec.  7.1. 

The  numerical  results  can  be  generalized  to  any  LO  and  signal  laser  optical 
powers  by  expressing  the  results  in  terms  of  a  normalized  power  spectral  density. 
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^  psd.M'^ 


^Phase^^  ~  A*  J 


,  where  PSDpjXoi)  is  the  power  spectral  density  of 


the  PTI  noise.  A  plot  of  Kpf,^^{ci})  versus  frequency  for  two  different  IF  filter 

PjF 

bandwidths  with  Av  =  50  MHz  and  the  typical  case  of  ni«l  and  (o„,  <  is  shovm  in 


Fig.  6.  The  spectra  in  Fig.  6  have  their  maxima  at  co  =  0,  and  decay  monotonically  with 
increasing  frequency.  Most  of  the  noise  power  is  in  a  bandwidth  approximately  equal  to 

B  IF 

the  IF  filter  bandwidth  centered  around  ci  =  0 .  The  frequencies  of  interest  are  w  <  — , 

since  the  bandwidth  of  the  RF  signal  is  limited  to  this  region.  Here  the  noise  spectrum  is 
nearly  constant,  decaying  by  less  than  3  dB  from  its  maximum  at  =  0 . 

Doubling  the  IF  filter  bandwidth  decreases  the  maximum  PTI  noise  power  by  9 
dB,  and  the  total  PTI  noise  power  by  6  dB.  This  is  apparent  in  Fig.  7,  which  is  a  plot  of 
both  at  IGHz  for  two  linewidths,  and  the  total  normalized  phase  noise. 


CO 

C=  fof  Av  =  50MHz  versus  the  IF  filter  bandwidth.  For  large 

0 

bandwidths  (Bjf  » Av)  the  phase-to-intensity  noise  power  at  IGHz  is  inversely 

proportional  to  while  the  total  phase-to-intensity  noise  power  is  inversely 

proportional  to  {Bif)^  .  The  difference  between  the  slopes  of  the  two  lines  is  the  result  of 
the  broadening  of  the  phase-to-intensity  noise  spectrum  as  the  IF  filter  bandwidth  is 
increased  (see  Fig.  6).  The  broadening  of  the  spectrum  partially  offsets  the  decrease  in 
the  maximum  noise  so  that  the  total  phase-to-intensity  noise  power  decreases  at  a  slower 
rate  than  the  maximum  phase-to-intensity  noise  as  the  IF  filter  bandwidth  is  increased. 
However,  one  of  the  advantages  of  WIRNA  processing  is  the  rejection  of  all  out-of-band 

noise  by  the  NBF.  Thus,  the  link  SNR  scales  proportionally  with  )  in  the  phase- 
noise-limited  regime. 

The  effect  of  the  combined  laser  linewidth  on  the  phase-to-intensity  noise 
spectrum  for  a  fixed  IF  filter  bandwidth  is  illustrated  in  Fig.  8,  where  at  1  GHz  is 
plotted  versus  Av  for  three  different  IF  filter  bandwidths.  For  laser  linewidths  much 
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smaller  than  the  IF  filter  bandwidth  (Au  «  B,^),  the  signal  distortion  is  confined  to  the 
tail  of  the  Lorentzian  lineshape  and  the  phase-to-intensity  noise  power  increases 

quadratically  with  the  linewidth  ( oc  Av^ ).  As  the  linewidth  approaches  the  IF  bandwidth, 
the  noise  power  saturates.  However,  links  operated  in  this  regime,  (  At» »  Bjf  ),  are  not 
useful  since  the  majority  of  the  signal  is  lost  at  the  IF  filter. 

Comparison  of  Figs.  7  and  8  reveals  that  the  effect  of  halving  the  combined 
linewidth  is  not  the  same  as  doubling  the  IF  filter  bandwidth  in  a  WIRNA  system. 
Halving  Av  reduces  the  PTI  noise  by  6  dB,  but  does  not  change  the  width  of  the  PTI 
noise  spectrum.  Doubling  Bn.  also  reduces  the  total  noise  power  by  6  dB,  however  as 
seen  in  Fig.  6,  the  PTI  noise  spectrum  is  widened  so  that  an  additional  3  dB  PTI  noise 

reduction  can  be  achieved  with  the  use  of  a  NBF. 

The  power  spectrum  of  the  phase-to-intensity  noise  was  found  to  be  independent 
of  the  modulation  index  and  modulation  frequency  for  the  typical  case  of  small  m  and 

„  Xhe  PTI  noise  generated  from  the  modulated  sidebands  is  negligible 

compared  to  the  PTI  noise  of  the  carrier  signal  due  to  the  power  difference  between  the 
two. 


6.1  Optimum  IF  Filter  Bandwidth 

Although  the  phase-to-intensity  noise  is  reduced  by  increasing  the  IF  filter 
bandwidth,  it  is  well  known  that  the  noise-squared  term  in  Eq.  (22)  increases  with 
increasing  IF  filter  width  [16].  In  fact  each  of  the  three  noise  terms  in  the  denominator  of 
Eq.  (22)  dominates  for  different  IF  filter  bandwidth  ranges.  The  optimum  IF  filter 
bandwidth  maximizes  the  SNR  for  a  given  set  of  link  parameters.  For  links  with  high 
carrier-to-noise  ratios  (CNR),  such  as  phased  array  antenna  or  CATV  links,  the  noise- 
squared  term  is  usually  negligible  for  practical  IF  filter  bandwidths.  Figure  9  is  a  plot  of 
the  noise  power  at  IGHz  versus  the  IF  bandwidth  for  several  different  combined  laser 

linewidths  of  a  high  CNR  link.  Here,  ^ta/anced  ~  ^  [Amp], 


Hadd -balanced 


=  6.34  X  10'^^  [— ^].  the  receiver  electronic  power  gain  is  80  dB,  and  the 
Hz 
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link  is  modulated  at  1  GHz.  Note  that  the  minimum  IF  filter  bandwidth  is  2  GHz  since 
the  modulation  frequency  is  1  GHz.  With  these  conditions,  the  lowest  noise  power  for  all 
laser  linewidths  is  -38.9  ‘'°/|  ghz  corresponding  to  an  optimum  SNR  of  70  mhz  at  a 
modulation  index  of  w  =  0.1.  The  high  carrier  power  in  this  example  causes  the  PTI 
noise  to  dominate  for  IF  bandwidths  less  than  10  GHz  when  Au  >  10  MHz.  When 
Au  =  100  MHz ,  the  minimum  IF  filter  bandwidth  needed  for  the  SNR  to  be  within  1  dB 
of  its  optimum  value  is  115  GHz.  The  IF  filter  bandwidths  for  smaller  Av ,  in  this 
example,  are  more  practical  with  Bn:=25  GHz  being  the  minimum  bandwidth  needed  to 
keep  the  SNR  within  1  dB  of  its  optimum  value  for  Au=10  MHz.  The  small  additive 
noise  power  under  these  conditions  prevents  the  noise-squared  term  from  dominating  for 
all  practical  IF  bandwidths  (B,f<  1  THz).  Thus  for  high  CNR  links,  there  is  a  broad 
range  for  the  IF  filter  bandwidth  which  will  maintain  the  SNR  within  1  dB  of  its  optimum 
value.  However,  the  large  IF  bandwidth  required  to  do  so  may  force  the  use  of  a  smaller 
than  optimal  filter  bandwidth  due  to  the  high  cost  of  broad-band  components. 

For  the  case  of  low  CNR  links,  the  noise-squared  term  dominates  at  moderate  IF 
bandwidths.  This  is  shown  in  Fig.  10  which  is  a  plot  of  the  noise  power  versus  the  IF 
filter  bandwidth  for  several  low  CNR  links  with  different  ^4^, All  of  the  links  have 


^balanced  =  2.512  X  10'*’  [Amp  _  joo  MHz ,  a  receiver  electronic  power  gain  of 


80  dB,  and  a  1  GHz  sinusoidal  modulation.  The  lowest  noise  for  0.3  mA  is 

-18.65  GHz  corresponding  to  an  optimum  SNR  of  10  mhz-  At  very  small  IF 
bandwidths,  the  link  is  influenced  by  the  PTI  noise,  while  at  large  IF  bandwidths  the 
noise-squared  term  completely  dominates.  For  this  link,  Bj:  <11.8  GHz  is  needed  to 
keep  the  SNR  within  1  dB  of  the  optimum.  The  low  carrier  power  in  this  example 
diminishes  the  PTI  noise  relative  to  the  signal-beat  noise  term  and  the  noise-squared  term 
such  that  Bnr  can  be  very  close  to  the  minimum  value  of  2  GHz  without  significantly 
affecting  the  SNR.  It  should  be  noted  that  the  SNR  penalty  for  larger-than-optimum  IF 
bandwidths  in  low  CNR  links  is  much  less  severe  than  the  SNR  penalty  for  smaller-than- 


optimum  IF  bandwidths  in  high  CNR  links. 
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7.  -  Experimental  AM- WIRNA  Link  Performance 

A  block  diagram  of  the  experimental  link  is  shown  in  Fig.  11.  Two  different 
configurations  were  investigated;  the  first  used  a  narrow  linewidth  EC  laser  for  the  LO 
and  the  signal  laser,  while  the  second  used  an  EC  laser  for  the  LO  and  a  DFB  laser  for  the 
signal  source.  Both  the  EC  and  DFB  lasers  operated  at  a  wavelength  of  ^  =  1.54  pm. 

The  EC  lasers  have  an  integrated  optical  isolator  to  minimize  reflections.  An 
external  grating  provides  wavelength  tuning,  and  an  internal  TE  cooler  provides 
temperature  stability  of  the  cavity.  The  EC  signal  laser  launches  550  pW  into  the  fiber 
with  a  RIN  of -161.5  at  55  °C,  and  the  EC  LO  laser  launches  2.1  mW  into  the  fiber 

with  a  RIN  of -161.0  at  55  °C.  The  combined  linewidth  of  the  EC  LO  laser  and  the 

EC  signal  laser  is  <  100  kHz. 

The  DFB  laser  also  has  an  integrated  optical  isolator  to  reduce  reflections,  and  a 
thermoelectric  (TE)  cooler  which  allows  for  wavelength  tuning  and  stabilization.  The 
DFB  signal  laser  launches  5  mW  into  the  fiber  with  a  corresponding  RIN  of -148'^%^  at 
25.0  °C.  The  combined  linewidth  of  the  EC  LO  and  DFB  signal  lasers  is  40  MHz. 

The  AM  is  introduced  via  a  Mach-Zender  (M-Z)  modulator  which  is  biased  at  its 
small  signal  linear  point.  The  bias  introduces  a  3  dB  loss,  and  an  additional  7  dB 
coupling  loss  was  also  measured  for  the  modulator.  The  modulator  V^=2.9  V  at  1  GHz. 
An  optical  attenuator  is  used  to  control  the  signal  power  arriving  at  the  receiver.  The 
polarization  of  each  of  the  lasers  is  manually  controlled  to  maximize  the  power  at  the 
detector. 

The  optical  signal  is  incident  on  a  single  photodetector  connected  to  a  GaAs  pre¬ 
amplifier  with  a  bandwidth  of  15  GHz,  a  gain  of  24  dB  and  a  noise  figure  (NF)  of  2  dB. 
The  maximum  optical  input  power  before  the  pre-amplifier  saturates  is  1.5  mW.  The  EC 
LO  laser  has  770  pW  power  at  the  photodector. 

The  WIRNA  receiver  is  implemented  with  two  amplifiers  and  a  field  effect 
transistor  configured  as  a  SLD.  The  IF  amplifier  has  a  3  dB  passband  from  1.7  to  7.5 
GHz,  a  gain  of  52  dB,  and  a  NF=3  dB.  The  combined  3  dB  bandwidth  of  the  IF  amplifier 
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followed  by  the  SLD  is  5  GHz  centered  at  4.8  GHz.  To  avoid  amplifier  saturation,  a  10 
dB  wideband  attenuator  is  placed  in  front  of  the  IF  amplifier.  Wideband  attenuators  are 
also  used  to  limit  the  RF  power  into  the  SLD.  The  NBF  consists  of  an  amplifier  with  a  3 
dB  passband  from  0.8  GHz  to  1.5  GHz.  The  NBF  amplifier  gain  is  42  dB  with  a  NF  of 
2.5  dB. 

The  IF  frequency  is  4.9  GHz,  and  was  found  to  be  stable  to  within  75  MHz 
with  the  DFB  signal  laser  and  to  within  25  MHz  with  the  EC  signal  laser.  No  closed-loop 
frequency  stabilization  was  used,  although  the  lasers  were  stabilized  through  thermal 
regulation  using  the  built  in  TE  coolers.  The  DFB  laser  temperature  was  held  to  within 
±0.01  “C. 

7.1-  Experimental  Results 

The  effect  of  phase  noise  on  an  AM-WIRNA  link  is  seen  most  clearly  in  a 
comparison  of  the  SNR  for  a  link  with  Av  <  100  kHz  and  for  a  link  with  Av  «  40  MHz 
as  shown  in  Fig.  12.  In  both  links,  an  EC  laser  was  used  as  the  LO  with  770  pW  power 
at  the  detector.  A  1  GHz  RF  input  signal  with  a  modulation  index  of  ffi=0.091  v/as  used 
in  both  links  and  the  maximum  signal  laser  power  at  the  detector  was  11.5  pW.  The 
SLD  performance  was  found  to  vary  with  the  RF  input  power.  In  order  to  avoid  this 
effect,  the  input  power  to  the  SLD  was  kept  constant  at  -10  dBm  by  varying  the 
attenuators  after  the  IF  amplifier. 

The  Av  <  100  kHz  link  SNR  has  a  linear  dependence  on  received  signal  power  at 
all  signal  powers  tested.  The  linear  signal  power  dependence  indicates  that  the  signal- 
beat  noise  term  in  the  denominator  of  Eq.  (22)  dominates  at  all  received  signal  powers.  In 
this  link,  the  additive  noise  power  was  dominated  by  both  the  LO  RIN  noise  and  thermal 
noise,  so  that  when  the  output  noise  is  dominated  by  the  signal-beat  noise  the 

SNR  cc  In  contrast,  the  Av  »  40  MHz  link  has  a  linear 

signal  power  dependence  only  at  low  (<  -30  dBm)  received  signal  powers,  while  at  higher 
received  signal  powers,  the  SNR  rolls  off  to  a  constant  value  (-39.4  In  this 
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regime,  the  PTI  noise  term  in  the  denominator  of  Eq.  (22)  dominates,  and  the  link 
performance  is  severely  degraded  compared  to  the  Av  <  100  kHz  link.  It  is  important  to 
note  that  the  SNR  roll-off  at  high  signal  powers  is  not  caused  by  the  DFB  signal  laser 
RIN,  since  the  signal  power  levels  are  not  high  enough  to  dominate  over  the  LO  laser 
RIN. 

The  theoretical  predictions  from  the  analysis  above  are  shown  as  the  solid  lines  in 
Fig.  12  for  both  the  Av  <  100  kHz  and  Av  a  40  MHz  links.  For  both  links,  the  power 
of  the  IF  signal  was  3.3  dB  below  the  expected  value.  Most  of  this  difference  can  be 
attributed  to  polarization  fluctuations  by  the  LO  laser  as  well  as  fiber  coupling  loss  at  the 
detector.  The  theoretical  predictions  shown  in  Fig.  12  have  been  adjusted  down  by  3.3 
dB  to  account  for  the  non-ideal  IF  signal  power  in  order  to  better  illustrate  the  accuracy  of 
the  shape  of  the  numerical  analysis  The  resulting  prediction  for  the  Ao  «  40  MHz  link 
is  accurate  to  within  1.4  dB  of  the  experimental  results  in  the  PTI  noise  limited  regime. 

The  noise  spectrum  of  the  link  operating  in  the  phase-to-intensity  noise  dominated 
region  is  shown  in  Fig.  13  along  with  the  numerical  prediction  (dotted  line).  The 
oscillations  in  the  noise  spectrum  are  from  resonances  between  components  in  the 
WIRNA  receiver.  In  the  modulation  range  of  ru  <  2  GHz,  the  numerical  prediction  has  a 
root-mean-square  deviation  from  the  averaged  experimental  data  (averaged  to  smooth  out 
the  component  resonances)  of  1.2  dB  with  a  maximum  deviation  of  3.8  dB.  The  non- 
idealites  of  the  SLD  ai'e  estimated  to  contribute  to  approximately  2  dB  of  the  maximum 
difference. 

In  contrast  to  the  approximation  in  Ref  [8]  which  predicts  that  oc  ,  the 

noise  spectrum  in  the  phase-noise  dominated  regime  is  in  fact  found  to  be  independent  of 
the  modulation  index  and  modulation  frequency  for  small  m.  In  this  case,  the  more 
powerful  carrier  signal  dominates  the  PTI  noise.  It  should  be  noted  that  the  Av  and  B/p 
dependencies  predicted  in  the  numerical  analysis  above  also  differ  from  the 
approximation  in  Ref  [8]. 
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8.  -  Summary 

Although  amplitude  modulation  is  less  phase-noise  sensitive  than  angle 
modulation  in  high  frequency  analog  optical  links,  it  can  still  be  performance  limited  by 
phase-to-intensity  noise  conversion.  In  this  paper  we  have  numerically  evaluated  the 
effect  of  phase-to-intensity  noise  conversion,  and  find  that  its  PSD  is  nearly  flat  in  the 
frequency  range  of  the  RF  signal  modulation,  varying  by  less  than  3  dB.  For  typical  links 

where  »Au,m«  1,  and  the  phase-to-intensity  noise  power  in  the 

modulation  band  is  proportional  to  (Auf .  The  total  PTI  noise  power  (before  NBF 

filtering)  is  inversely  proportional  to  (b,f)^,  however,  in  a  WIRNA  system  the  NBF 
rejects  out-of-band  noise  in  such  a  way  that  the  PTI  noise  power  after  NBF  filtering  is 

inversely  proportional  to  (R/f)  • 

Widening  the  IF  filter  bandwidth  tends  to  decrease  the  phase-to-intensity  noise, 
although  the  noise-squared  power  will  increase.  An  optimum  IF  bandwidth  for  a  given 
link  can  be  found  by  calculating  the  PTI  noise  and  minimizing  the  total  noise  power  in 
the  denominator  of  Eq.  22.  Links  with  high  SNR  such  as  phased  array  antennas  or 
CATV  links,  generally  require  very  large  IF  bandwidths  to  attain  optimized  link 
performance  when  Au  is  greater  than  a  few  MHz.  Such  links  are  phase-to-intensity  noise 
limited  at  small  IF  bandwidths.  Low  SNR  links  generally  require  smaller  IF  filter 
bandwidths  to  avoid  degradation  from  the  noise-squared  term.  High  dynamic  range  links, 
with  their  wide  range  of  SNR  conditions,  must  consider  both  the  PTI  noise  domination 
under  high  SNR  conditions,  as  well  as  the  noise-squared  domination  at  low  SNR.  In 
general,  the  IF  bandwidth  for  such  links  should  be  designed  to  accommodate  the  PTI 
noise  under  the  highest  SNR  conditions,  since  the  sensitivity  penalty  for  larger  than 
optimal  bandwidths  is  much  less  than  for  smaller  than  optimal  bandwidths.  It  should  be 
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noted  that  better  IF  filters  could  be  designed  using  non-linear  filter  optimization  [20], 
however  practical  considerations  prevent  their  implementation  at  this  time. 

For  m«\,  the  PTI  noise  is  independent  of  the  modulation  frequency  and  the 
modulation  index.  The  PTI  noise  generated  by  the  carrier  signal  dominates  in  the  phase- 
noise  limited  regime. 

The  calculated  phase-to-intensity  noise  PSD  was  within  1.2  dB  of  the  averaged 
experimental  data  with  a  maximum  deviation  of  3.8  dB.  Approximately  2  dB  of  the 
difference  can  be  accounted  for  by  deviations  of  the  SLD  from  ideal  square  law  behavior. 
The  experimental  link  exhibited  a  phase-to-intensity  noise  limited  SNR  at  high  optical 
powers.  The  predicted  SNR  was  within  1 .4  dB  of  experiment  in  the  phase-noise  limited 
regime. 

The  foregoing  results  indicate  that  applications  having  a  high  CNR  will  be  most 
severely  affected  by  phase-to-intensity  noise.  Large  IF  filter  bandwidths  can  reduce  the 
phase-to-intensity  noise,  and  in  some  cases  eliminate  it  as  the  dominant  noise  source. 
However,  care  must  be  taken  to  optimize  the  IF  filter  bandwidth  so  that  the  noise-squared 
term  does  not  degrade  the  link  performance. 
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Appendix  A 

The  PSD  of  the  phase-to-intensity  noise  spectrum  is  obtained  from  the 
autocorrelation  fimction  of  the  distorted  signal  given  by  Eq.  (14).  The  ideal  signal 
autocorrelation,  is  straightforward  to  evaluate,  however  the  filtered  signal 

autocorrelation,  ^^|(r)must  be  evaluated  numerically.  We  will  assume  that  the 
modulation  signal  is  sinusoidal  with  a  modulation  frequency,  . 

The  square  of  the  filtered  signal,  =  is  given  by  the  double 

convolution  integral 

4(0  =  W[(l  +  cos(<y,„(/  -  a)))cos^,,-(/  -a)+  0(t  -  a)) 

•  (l  +  w  cos(fli,„(r  -  pyjj  cos(<y/y,  (/  -  y?)  +  0{t  -  y5))J<5?a  dp 

(Al) 

Here,  hgit)  is  the  impulse  response  function  of  the  IF  filter,  and  a  and  p  are  the 
integration  variables.  Substituting  (Al)  into  equation  (16a)  yields: 

^  “  11  (c()h (P)hB(n)hB (f)  /(«, P,  £,  n) 

•  C0s(6)//r(-  a  +  P  +  7J-  €)+ 0(t  -  a)  - 0{t  -  p)-  0{t  +  T  -  T])+  0(t  +  T  -  s)) 

+  cos(a?yf(-  a  +  P  + s  -  ;/)  + 0(/ -  a)- 0(r -p)  +  0(t  +  T  -  r/)- 0(/  +  r-  s)) 

+  cos(<U/f  (2r  +  a  +  P~f;-£‘)-  -  a)  -  0[t  -  p)  +  0{t  +  r  -  17)  +  0(t  +  r  -  da  dp  ds  dr] 

(A2) 

where  (  )  is  the  expectation  value  and  /(a,>3,;7,£)is  given  as 
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2 

f{a,p,ri,s)  =  \  +  ~ (cos(fy„ (/? -  a))  +  cos(ty„ (r  -  7  +  or))  +  cos(<y„ (r  -  f  +  or)) 

2 

+  cos(ty„(r -Il  +  P))  +  cos(o>„(r -s  +  p)]  +  cos(o)^(f  -  7))  +  ^ -ri-p  +  a)) 
+  cos(a)„(f  or))  +  cos(fi)„(2r -s-ij  +  P  +  or)))  (A3) 


Terms  centered  at  2(0|f  (last  term  on  the  right  hand  side  of  Eq.  A2)  are  far  above  the 
signal  bandwidth  and  hence  can  be  neglected  in  calculating  the  SNR. 

The  expectation  value  in  (A2)  can  be  found  using  Eq’s.  (24  )  and  (10).  The  low 
frequency  portion  of  R^i  (t)  (neglecting  the  term  at  2  0  [f )  is  given  as 


-^cOifiP-a-rj+e)]  -nAt\r^0L , 


•  p  +'7-e)]  -;®4y[  r  vot  +4  Tgi  ] 


da  dp  dr]  ds  (A4) 


Here,  and  are  taken  from  Appendix  D  of  Ref  [19],  where  is  the  overlap 
between  the  time  periods  \p-a\  and  \ri-A^,  and  Zq,  is  the  time  when  the  periods 
\p -  or|  and  I7 -  do  not  overlap. 
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Figure  Captions 


Fig.  1  Block  diagram  of  an  analog  coherent  AM-WIRNA  link.  The  WIRNA  receiver 
consists  of  a  photodetector,  intermediate  frequency  (IF)  filter,  square  law  device  (SLD), 
and  narrow  band  filter  (NBF). 

Fig.  2a  Typical  phase-broadened  power  spectrum  of  the  photocurrent  from  the 
Av  =  40  MHz  AM-WIRNA  experimental  link.  The  LO  laser  is  an  external  cavity  (EC) 
laser  with  770  pW  power  at  the  receiver,  and  the  signal  laser  is  a  distributed  feedback 
(DFB)  laser  with  1 1.5  pW  power  at  the  receiver. 

Fig.  2b  Typical  power  spectrum  of  the  photocurrent  from  the  Av  =  100  kHz  AM- 
WIRNA  experimental  link.  Both  the  LO  laser  and  the  signal  laser  are  external  cavity 
(EC)  lasers  with  a  LO  power  of  770  pW  and  a  signal  power  of  1 1 .5  pW  at  the  receiver. 

Fig.  3a  Typical  power  spectrum  of  the  IF  filtered  photocurrent  of  the  Av  =  40  MHz 
AM-WIRNA  experimental  link  illustrating  the  IF  filter  distortion  on  the  phase-broadened 
photocurrent.  The  link  conditions  are  the  same  as  those  in  Fig.  2a,  and  the  IF  filter  has  a 
5  GHz,  3  dB  bandwidth  centered  at  4.8  GHz. 

Fig.  3b  Typical  power  spectrum  of  the  IF  filtered  photocurrent  of  the  Av  =  100  kHz 
AM-WIRNA  experimental  link  illustrating  the  minimal  IF  filter  distortion  for  small  Av 
links.  The  link  conditions  are  the  same  as  those  in  Fig.  2b  using  the  IF  filter  in  Fig.  3a. 

Fig.  4  Typical  power  spectrum  of  the  demodulated  output  signal  obtained  from  the 
Av  =  40  MHz  AM-WIRNA  experimental  link  illustrating  the  suppression  of  the  spectral 
broadening  of  the  IF  signal.  The  link  conditions  are  the  same  as  those  in  Fig.  2a.  The 
NBF  has  a  3  dB  bandwidth  of  700  MHz  centered  at  1 . 1 5  GHz. 
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Fig.  5  A  comparison  of  the  Hamming  filter  response  used  in  the  numerical  analysis  to 
approximate  the  experimental  IF  filter  and  the  actual  experimental  effective  IF  filter 
response.  The  experimental  effective  IF  filter  passband  is  the  combined  passbands  of  the 
IF  amplifier  and  SLD  which  together  have  a  5  GHz,  3  dB  bandwidth  centered  at  4.8  GHz. 


Fig.  6  Normalized  one-sided  spectral  density  ( =  — -j— )  versus  frequency  from 


JU  jfT 

the  numerical  analysis  with  Av  =  50  MHz  and  the  typical  case  of  m«l  and  o)„  <  . 


Fig.  7  Total  PTI  noise  power  versus  IF  bandwidth  compared  to  the  PTI  noise  power  at  1 
GHz  as  predicted  by  the  numerical  analysis. 

Fig.  8  Kpf,^^  at  1  GHz  versus  combined  laser  linewidth  for  several  IF  filter  bandwidths 
as  predicted  by  the  numerical  results. 

Fig.  9  Noise  power  versus  bandwidth  for  a  high  CNR  link  (PTI  noise  dominated  at 

^  Amp^  , 

moderate  B,f)  with  =  3.182  x  10  ^[Amp],  rj^dd -balanced  =  634  x  10  [ 

a  receiver  electronic  power  gain  of  80  dB,  and  a  modulation  frequency  of  1  GHz.  The 
optimum  IF  filter  bandwidth  is  achieved  when  the  noise  power  is  within  <  IdB  of  its 
minimum  value. 


Fig.  10  Noise  power  versus  IF  filter  bandwidth  for  a  low  CNR  link  (noise-squared  term 
dominated  at  moderate  B,f)  with  T]i,^ia„ced  =  2.512  x  10"'^ ],  Av  =  100  MHz,  a 

riZ 

receiver  electronic  power  gain  of  80  dB,  and  a  1  GHz  sinusoidal  modulation  for  several 

^Balanced  ValueS. 
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Fig.  1 1  Block  diagram  of  the  experimental  coherent  AM-WIRNA  link  The  LO  laser  is 
an  external  cavity  laser,  and  both  an  external  cavity  laser  and  DFB  laser  are  used  for  the 
signal  laser  in  different  experiments. 

Fig.  12  Comparison  of  the  experimental  SNR  versus  signal  power  for  a  Av  =  40  MHz 
link  and  a  Av  =  100  kHz  link  illustrating  the  PTI  noise  induced  degradation  of  SNR. 
The  SNR  results  for  the  numerical  analysis  are  shown  as  a  solid  line,  which  is  shifted  by 
-3.3  dB  from  the  calculation. 

Fig.  13  Comparison  of  the  noise  spectrum  for  a  Av  =  40  MHz  link  in  the  phase-noise 
limited  regime  to  the  numerical  results. 
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Mission.  The  mission  of  Rome  Laboratory  is  to  advance  the  science  and 
technologies  of  command,  control,  communications  and  intelligence  and  to 
transition  them  into  systems  to  meet  customer  needs.  To  achieve  this, 
Rome  Lab: 

a.  Conducts  vigorous  research,  development  and  test  programs  in  all 
applicable  technologies; 

b.  Transitions  technology  to  current  and  future  systems  to  improve 
operational  capability,  readiness,  and  supportability; 

c.  Provides  a  full  range  of  technical  support  to  Air  Force  Material 
Command  product  centers  and  other  Air  Force  organizations; 

d.  Promotes  transfer  of  technology  to  the  private  sector; 

e.  Maintains  leading  edge  technological  expertise  in  the  areas  of 
surveillance,  communications,  command  and  control,  intelligence, 
reliability  science,  electro-magnetic  technology,  photonics,  signal 
processing,  and  computational  science. 

The  thrust  areas  of  technical  competence  include:  Surveillance, 
Communications,  Command  and  Control,  Intelligence,  Signal  Processing, 
Computer  Science  and  Technology,  Electromagnetic  Technology, 
Photonics  and  Reliability  Sciences. 


